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It is known that frog skeletal muscle has 
wo nerve-muscle systems; one is twitch 
ystem and the other is the small nerve 
ystem. In the twitch system large motor 
erve fibers are responsible for initiation 
f propagated muscle impulses, while in 
he small nerve system motor nerve fibers 
rroduce localized electrical responses (Tas- 
iki and Tsukagoshi, 44; Kuffler and Ger- 
rd, 47; Kuffler, LaPorte and Ransmeier, 
47; Kuffler and Vaughan Williams, °53a, 
»). 

It has been shown that fish also have two 
listinct nerve-muscle systems (Barets, 
35). Different parts of the fish’s skeletal 
nusculature are composed of these two 
ypes of muscle which can be identified 
vith the naked eye. It has been assumed 


that these nerve-muscle systems of fish cor- 
respond to the two distinct nerve-muscle 
systems of frog, but relatively little is 
known about the electrical properties of 
fish skeletal muscles. The purpose of the 
present investigation was to study the 
electrical properties of the two nerve-mus- 
cle systems of fish with intracellular micro- 
electrodes. 
METHODS 

The pectoral fin muscles with their in- 
nervating nerves were dissected from the 
snake fish (Ophiocephalus argus). M. 
levator pinnae pectoralis consisted mainly 
of reddish and thin muscle fibers (red mus- 
cle) and M. flexor pinnae pectoralis of pale 
and thick muscle fibers (white muscle) 
(fig. 1). The white and red muscle fibers 


Fig. 1 Microphotograph of fish skeletal muscles. Left: 


a transverse section of M. levator 
i i i i i ight: M. flexor 
innae pectoralis which is made up of thin muscle fibers (red muscle ). Rig 

Bindec Poctaralié which contains mainly thick muscle fibers (white muscle). Scale 30 He 
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It is known that frog skeletal muscle has 
wo nerve-muscle systems; one is twitch 
ystem and the other is the small nerve 
ystem. In the twitch system large motor 
erve fibers are responsible for initiation 
f propagated muscle impulses, while in 
he small nerve system motor nerve fibers 
roduce localized electrical responses (Tas- 
ki and Tsukagoshi, 44; Kuffler and Ger- 
rd, 47; Kuffler, LaPorte and Ransmeier, 
17; Kuffler and Vaughan Williams, ’53a, 
iy. 

It has been shown that fish also have two 
istinct mnerve-muscle systems (Barets, 
99). Different parts of the fish’s skeletal 
nusculature are composed of these two 
ypes of muscle which can be identified 
vith the naked eye. It has been assumed 


Fig. 1 Microphotograph of fish skeletal muscles. Left: 


that these nerve-muscle systems of fish cor- 
respond to the two distinct nerve-muscle 
systems of frog, but relatively little is 
known about the electrical properties of 
fish skeletal muscles. The purpose of the 
present investigation was to study the 
electrical properties of the two nerve-mus- 
cle systems of fish with intracellular micro- 
electrodes. 
METHODS 

The pectoral fin muscles with their in- 
nervating nerves were dissected from the 
snake fish (Ophiocephalus argus). M. 
levator pinnae pectoralis consisted mainly 
of reddish and thin muscle fibers (red mus- 
cle) and M. flexor pinnae pectoralis of pale 
and thick muscle fibers (white muscle) 
(fig. 1). The white and red muscle fibers 


a transverse section of M. levator 
i i i i i . Right: M. flexor 
innae pectoralis which is made up of thin muscle fibers (red muscle ) 

Bnac Serrals which contains mainly thick muscle fibers (white muscle). Scale 30 y. 
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Fig. 2 Action potential of white muscle evoked by indirect stimulation. 


show zero membrane potentials. 
figures. Voltage scale: 20 mv. 


Time scale: 


were generally identified under the binocu- 
lar microscope (60 X). The preparation 
was mounted in a dish filled with a saline 
solution for the fresh-water fish, its com- 
position being as follows: NaCl 0.75; 
CaCl, 0.02; KCl 0.02; NaHCO; 0.02%. In 
some cases the concentration of NaCl was 
increased to 0.88%. The osmotic pressure 
of this solution was higher than the ordi- 
nary physiological saline but the high NaCl 
solution seemed to cause longer survival 
of preparations than the ordinary one. Al- 
though systematic investigations were not 
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Reference lines 
5 msec. for Al and A2; 2 msec. for other 


performed, the author’s experience sug; 
gests that the condition of muscles variec 
from preparation to preparation and som 
preparations soon developed contracture i 
ordinary physiological saline but survivec 
for longer periods in a high NaCl salin 
solution. : 

Intracellular microelectrodes, filled with 
3 M KCI (Ling and Gerard, ’49; Nastuk an 
Hodgkin, 50), were inserted under micro 
scopic control. Electrodes of relatively hig 
resistance (20-30 megohm) were used fo 
recording. In some cases the flexibh 
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ounted electrode (Woodbury and Brady, 
3) was used to avoid movement artefact. 
Potential changes were recorded with a 
thode ray oscilloscope through a bal- 
iced D.C. amplifier of three stages. The 
ray Capacity at the input was compen- 
ted by negative capacity using a slightly 
odified version of the preamplifier de- 
ribed by Haapanen and Ottoson (754). 
_ order to stimulate the muscle fiber di- 
ctly, a current pulse was applied to the 
embrane through the second microelec- 
ode and a 100 megohm series resistance. 
The experiments were performed from 
muary to June at room temperature (10- 
isc ). 
RESULTS 
White muscle—Resting potential and 
action potential elicited by 
nerve stimulation 


M. flexor pinnae pectoralis was mounted 
the saline bath. Individual fibers of this 
hite muscle could be visualized and the 
icroelectrode inserted under a dissecting 
icroscope (60 X ). The resting potential 
as about 60—70 mv negative to the out- 
de solution, the mean value of 62 fibers 
sing 65.7 mv. The muscle fibers were 
in and covered with connective tissue 
id most careful insertion was necessary 
avoid injury, which tends to diminish 
id to cause large variations in resting po- 
ntial. To facilitate insertion of the elec- 
ode, relatively high resistance electrodes 
ere used, although they have junctional 
tentials which would reduce the observed 
uue of the resting potential (Adrian, 
6). 
| When steady resting potentials were ob- 
ined, supermaximal stimuli were applied 
the nerve and the membrane potential 
ianges were recorded intracellularly. Af- 
ra latency of about 2 msec., a spike 
tential usually appeared. Examples are 
esented in figures 2 and 3. In figure 2 
ere was strong movement of the muscle 
id the electrode was dislodged after the 
tion potential. Such artefacts were 
cided by using a flexibly mounted elec- 
de (fig. 3). In some cases, even when 
upermaximal stimulus was applied, only 
junctional potential was obtained (fig. 
A3 ). 
-@ distinct phases could be distin- 
ished in the muscle potential change fol- 


FISH MUSCLES iS 


lowing nerve stimulation. First there was 
a step in the rising phase of the action po- 
tential followed by the rapid spike poten- 
tial which rose to a peak in 0.6—1.0 msec. 
and then declined to half in another 0.7— 
1.0 msec. Following this there was a con- 
spicuous negative after-potential. These 
three phases will be considered separately: 

1. Step. Most action potential obtained 
had a step on the rising phase (fig. 2). 
The height of the step was rather variable 
but was usually 20-30 mv. As Fatt and 
Katz (51) observed in frog’s end-plate, 


Fig. 3 Action potential of white muscle evoked 
by indirect stimulation, recorded by use of flex- 
ibly mounted electrode. Stimulus strength was 
increased from above downward. Time scale: 
40 msec. Voltage scale: 20 my. 
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a large e.p.p. preceded the spike and 
formed the step during the rising phase of 
the record. The step observed in these 
preparations is also assumed to be a junc- 
tional potential. When a weak stimulus 
was applied to the nerve, the junctional po- 
tential was small and no spike potential 
appeared. As the stimulus strength in- 
creased the amplitude of the junctional 
potential became larger and when the de- 
polarization reached about 20 mv, a spike 
potential appeared, as presented in figure 
3. This result indicates that the white 
muscle of the fish has a polyaxonal in- 
nervation, in agreement with findings of 
Barets et al. (56). 

The step in the rising phase of the action 
potential was recorded from any point on 
the surface of the muscle and indicates 
that the junctions are distributed densely 
over the surface of the muscle fiber. There 
is another possible explanation for this re- 
sult; i.e., if the characteristic length of the 
muscle were very long, a potential change 
would spread widely over the muscle fiber, 
but this possibility is excluded by measure- 
ments of the characteristic length (1.5— 
2.0mm). In order to investigate this point 
further, the muscle was curarized (d-tubo- 
curarine) and the junctional potentials 
were recorded intracellularly along an in- 
dividual muscle fiber. Although the ampli- 
tude of the junctional potential changed 
somewhat as the electrode was moved 
along the muscle fiber, the time course of 
the junctional potentials recorded from 
different points of the muscle fiber did not 
change, providing further confirmation of 
the above supposition. In some cases the 
height of the step was smaller than usual 
and the latency from the onset of junc- 
tional potential to onset of the spike po- 
tential was longer, as shown in figure 2, 
A2 and B2. In such cases one may assume 
that the junctional potential at the point 
where the microelectrode was inserted was 
too small to evoke the action potential and 
that the latter was conducted from a dis- 
tant point on the fiber. 

In the middle record of figure 3, the 
falling phase of the junctional potential 
was somewhat prolonged, a feature which 
was frequently observed. This prolonga- 
tion may be due to a local response because 
it appeared only when the depolarization 
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was relatively large, and could be abolishe| 
by applying repetitive stimulation. TH 
time course of the falling phase of tlif 
junctional potential was approximately ej) 
ponential, the time constant being abo 
20 msec. If the junctions are concentraté 
in foci the falling phase should not ]} 
exponential. This result also supports thy 
assumption that the junctions are distril} 
uted densely over the surface of the muj} 
cle fiber. In the resting condition spojf 
taneous miniature e.p.p.’s, similar to thojf 
reported by Fatt and Katz (’52) in fr@ 
muscle, were observed. | 

2. Spike potential. Spike potentials a 


ally did not overshoot the resting potenti 
(fig. 2, A). In one fish out of about < 
the action potentials in all fibers examing 
showed an overshoot, although the restir 
potential was the same as in other prepar 
tions. Examples from this experiment 2 
shown in figure 2, B. In this case the Na 
concentration in the saline solution w 
high (0.88% ). However when the outsi 
Na* concentration was increased to t! 
same value in other muscles, there was 7 
overshoot. Therefore it may be conclud' 
that the overshoot was not caused by hi; 
Na* concentration but was due to othi) 
factors. The seasonal variations in t! 
characteristics of the muscle was not i 
vestigated, but during the period in whil 
the present investigation was perform 
(January to June), there was no obvio 
change. 

3. Negative after-potential. On the fa) 
ing phase of the action potential a mark 
negative after-potential was observed ( 
3, bottom). The time course of the ne 
tive after-potential was exponential ai 
similar to that of the junctional potenti 
When repetitive stimulation was appli 
the junctional potential could summ: 
with the negative after-potential, as show 
in figure 4, right, also if the membraj 
potential was depolarized by externally < 
plied current, the amplitude of the neg 
tive after-potential was reduced, and the 
was no evidence of positivity after t 
spike potential. These results suggest t 
the negative after-potential is a passive : 
polarization of the membrane potentia. 


Repetitive stimulation 


Repetitive stimulation was applied 
the muscle through its nerve. Examp. 


| 


! 
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tained from two muscle fibers are pre- 
ited in figure 4, right. The upper figures 
re obtained from a muscle fiber which 
1 not produce a spike potential with a 
igle nerve stimulus. When repetitive 
mulation was applied the junctional po- 
tials summed and, at a depolarization 
about 20-30 mv, a spike potential ap- 
ared, followed by more junctional po- 
itials. Although during the tetanus only 
ingle spike potential appeared, under the 


A 


Fig. 4 Right: 


frequencies recorded from two muscle fibers. Left: 


Time scale: 20 msec. Voltage scale: 20 mv. 
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microscope the contraction was seen to last 
for the entire duration of the tetanus. 
When the action potential was recorded 
from a whole muscle with external elec- 
trodes, the spike potentials appeared with 
the first or second stimulus and afterwards 
only junctional potentials were observed 
while contraction continued. Therefore it 
may be concluded that contraction of the 
fish’s white muscle is initiated by mem- 
brane potential changes associated with 


B 


Responses of white muscle induced by repetitive stimulation at different 


Direct stimulation of white muscle. 
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junctional potentials as well as spike po- 
tentials. 

The falling phase of the summated junc- 
tional potentials was somewhat more rapid, 
especially at higher frequency stimulation, 
than that of junctional potentials evoked 
by a single stimulation. This may be due 
to an increased permeability of the muscle 
membrane when depolarized. 


Direct stimulation 

Two microelectrodes were inserted into 
the same muscle fiber 50—100 u apart, one 
for passing a rectangular current pulse 
through the fiber membrane, the other for 
recording the change of membrane poten- 
tial. Outward current depolarized the 
membrane, the change in membrane po- 
tential being linearly related to current 
strength until the latter exceeded certain 
values. Then local responses as presented 
in figure 4, A2, were frequently observed. 
In some cases no active responses appeared 
but a contraction of the muscle fiber oc- 
curred (fig. 4, A3). As shown in figure 4, 
A1, when the depolarization reached about 
20-30 mv a spike potential appeared which 
did not show an overshoot. Long rectang- 
ular current pulses did not produce repeti- 


Fig. 5 Responses of red muscle fibers induc indi i 
_ Re ed by indirect st i : 
strength is increased from above downward. Right. Seat eee 


maximal stimuli. Time scale: 
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10 msec. Voltage scale: 


tive firing. This appears to be related t 
the absence of multiple spikes during t¢ 
tanic stimulation through the nerve. [| 
order to obtain a spike potential by dire] 
stimulation, it was usually necessary t 
hyperpolarize the muscle membrane befor 
applying the outward current. These rdy 
sults suggest that the mechanism whic} 
produces the spike potential is easily inac}; 
ivated by slight depolarization. 


Red muscle—Resting potential and | 
responses induced by nerve | 
stimulation 


The electrical properties of red musc}j 
were mainly investigated in the M. levatdf 
pinnae pectoralis. These muscle fibex} 
were thinner than those of white muscjf 
and were easily injured, resulting in smal 
er resting potentials. These were usual} 
about 60 mv (46-69 mv). | 

After application of a stimulus to th 
nerve, the membrane potential depolarizd 
rapidly reaching a peak in 3—4 msec. ar} 
then decaying exponentially to the restir| 
value, the time constant being 15 mse 
As the stimulus strength to the nerve wi 
increased the amplitude of the respon} 
was augmented without marked differend 


: Stimulus 
Various responses evoked by super- 
2 Mv. 
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Fig. 6 Relation between the amplitude of the 
{responses of red muscle and its membrane poten- 
tial. Time scale: 50 msec. Voltage scale: 20 mv. 


in the time course (fig. 5, left). Such re- 
‘sponses were recorded from anywhere 
jalong the length of the muscle fiber, in- 
dicating that red muscle fibers receive mul- 
tiple innervation. This response was siml- 
lar in most respects to that of the slow 


muscle fiber of the frog (Kuffler and 
Vaughan Williams, 53a; Burke and Gins- 
borg, ‘56a, b) but was different in that 
there was little or no after-hyperpolariza- 
tion. In some cases repeated responses 
recorded at the same point with a super- 
maximal stimulus to the nerve showed var- 
iable amplitudes and time courses (fig. 5, 
right). When the concentration of the 
calcium was increased in saline solution, 
the variation in the amplitude and the 
time course disappeared, suggesting that 
the variation may be due to partial block 
of the release of transmitter at various 
parts of nerve endings. 

The amplitude of the junctional poten- 
tials depended on the membrane poten- 
tial (fig. 6). They increased with hyper- 
polarization and decreased with depolari- 
zation and at about zero membrane 
potential the response disappeared. Since 
the motor terminals are distributed along 
the length of the fiber and the membrane 
potential change produced by passing cur- 
rent decays on both sides of the current 
electrode, the recorded membrane poten- 
tial at which the junctional potential dis- 
appears may not represent the equilibrium 
potential for that process (c.f. Burke and 
Ginsborg, ’56b). 

When repetitive stimulation was applied 
to the nerve, the responses summated 
reaching a plateau at a membrane poten- 
tial which depended on the frequency of 
stimulation (fig. 7). During the tetanus 
no spike potentials were seen. As observed 
in white muscle, the falling phase of the 
summated responses during repetitive stim- 
ulation showed somewhat shorter time 
courses than following single stimuli. In 
the resting state spontaneous miniature 
potentials were also observed in red mus- 
cle fibers. 


Direct stimulation 


Using a binocular microscope the cur- 
rent electrode was inserted close to the 
recording electrode and inward or out- 
ward rectangular current pulses were ap- 
plied through the muscle membrane. Out- 
ward current depolarized the membrane 
potential and although in some cases the 
membrane potentials were reversed, no 
spike potential was observed. The latter 
failed to occur even if the membrane po- 
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Fig. 7 Repetitive stimulation of red muscle. Time scale: 50 msec. Voltage scale: 20 mv. 


Fig. 8 Spike potential of red muscle evoked at the break of the strong inward current. 
Left: stimulus strength is increased from above downward. Right: Another example 
(upper) and the current strength applied to the muscle membrane (lower). Time scale: 
50 msec. Voltage scale: 20 mv. Current scale: 5 x 10-8 amp. 
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ential was hyperpolarized before applying 
he outward current. After the break of a 
trong inward current pulse, however, 
mall spike potentials appeared (fig. 8). 
\lthough these were sometimes repetitive, 
10 associated contraction of the muscle 
iber could be observed. The appearance 
wf such spike potentials depended on 
strength and duration of the current. In 
igure 8, left, the inward current strength 
was increased from above downward, only 
he higher current strength produced re- 
sponses. Figure 8, right, presents another 
xxample of the membrane potential 
shanges together with a record of the ap- 
jlied inward current pulse. 


DISCUSSION 


Generally speaking, it can be said that 
he white muscle of the fish corresponds to 
he twitch muscle of the frog, and the red 
nuscle to frog slow muscle. Fish white 
uscle, however, has junctions distributed 
lensely over most of the surface of the 
nuscle and also receives polyaxonal in- 
ervation. In this regard it is more similar 
9 insect muscle (del Castillo, Hoyle and 
achne, 53; Hagiwara and Watanabe, 
34) or to crustacean muscle (Fatt and 
‘atz, 53) than to frog twitch muscle. Also 
: has recently been reported that the intra- 
usal muscle of the frog has multiple in- 
‘ervation (Koketsu and Nishi, 57a, b). In 
ost white muscles the action potential did 
ot show overshoot and during repetitive 
imulation only a single action potential 
ppeared, although during the entire peri- 
d of stimulation contraction continued. 
n the white muscle of the fish, one may 
ssume that the action potential does not 
lay an important role in initiating con- 
raction of the muscle. In muscle fibers of 
wer animals the mechanisms which pro- 
uce the action potential do not seem to 
e well developed. In order to make up 
or this deficiency the junctions are dis- 
ibuted densely over the surface of the 
uscle. 

Red muscle of the fish is very similar to 
e slow muscle of the frog. In frog slow 
quscle direct stimulation does not produce 
spike potential (Burke and Ginsborg, 
16a). While in the red muscle of fish spike 
tentials appeared at the break of a strong 
ward current, the spike height was very 
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small and it is doubtful whether the spike 
potential plays a role in contraction of the 
muscle. In red muscle the mechanisms 
which produce the action potential may be 
considered to be present but not manifest 
in normal conditions since only strong 
inward current activates the mechanism. 

Phylogenetically it seems that in lower 
vertebrate a greater role is played by the 
muscle fibers which do not produce an 
action potential. In mammals this type of 
muscle fiber makes no direct contribution 
to the production of muscle tension, but 
controls the afferent discharge from the 
muscle spindle, and thus indirectly con- 
trols the contraction of the muscle. In 
frogs, however, slow muscle fibers which 
occur together with twitch muscle fibers 
in many muscles produce slow, sustained 
contraction and develop significant ten- 
sion. In fish, red muscle fibers occur in 
separate muscles which may be specialized 
for certain types of movement. 


SUMMARY 


Two kinds of muscle fibers of fresh 
water fish (Ophiocephalus argus) i.e., 
white and red muscle fibers, were investi- 
gated with intracellular electrodes. 

1. Resting potentials of both types of 
muscle fibers were in the range of 60—70 
mv. 

2. Junctional potentials could be re- 
corded from any point on the surface of 
both muscle fibers, indicating that the 
junctions are distributed densely over the 
muscle fibers. Amplitudes of junctional 
potentials were graded with stimulus 
strength, showing that both muscles have 
polyaxonal innervation. 

3. In white muscle, spike potentials ap- 
peared when the membrane was depolar- 
ized about 20 mv by junctional potentials 
as well as by externally applied current. 
Such spike potentials usually did not over- 
shoot the resting potential. In contrast, 
junctional potentials and membrane de- 
polarization by external current could not 
initiate spike potentials in red muscle. At 
a break of strong inward current, however, 
red muscle produced small spike potentials. 

4. During repetitive stimulation applied 
to the nerve, only a single spike potential 
appeared in white muscle, followed by 
summated junctional potentials, and the 
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muscle contraction continued for the en- 
tire period of repetitive stimulation. 
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Several workers have shown that the 
- electrophoretic patterns of plasma proteins 
and lipoproteins are characteristic for dif- 
ferent species of animals (Moore, °45; 
' Deutsch and Goodloe, *45; Lewis, Green 
and Page, 52; Morris and Courtice, 55). 
Macheboeuf (’36) discovered that the pro- 
teins and lipids of the plasma of the 
higher vertebrates are associated in lipo- 
protein complexes and Callamand ('39) 
subsequently extended this finding to de- 
scribe the isolation of lipoproteins from 
the plasma of a cyclostome and two spe- 
cies of teleost fish. Deutsch and McShan 
(49) and Drilhon (53, ’54a) have re- 
ported investigations on the plasma pro- 
teins of some species of fish and Drilhon 
(54b) has studied the lipoproteins in the 
plasma of eels and of carp. 

Data on the phospholipid content of the 
plasma of the pike, carp and the bullhead 
and on the cholesterol content of the 
blood of carp are given in papers by Mc- 
Cay (31) and Field, Elvehjem and Juday 
(43). There is, however, little other in- 
formation concerning the content of lipid 
in the plasma of fish and the relationships 
between these lipids and the plasma pro- 
4eins. This paper reports the results of 
investigations carried out on the plasma 
of species of fresh and salt water fish 
found in the inland and coastal waters 
of New South Wales. 


MATERIALS AND METHODS 


Blood was obtained by cardiac puncture 
from 5 species of fresh water and 20 
species of salt water teleosts and one spe- 
cies of a marine elasmobranch while they 
were alive. Dry powdered heparin (Boots ) 
was used as an anticoagulant. In order 


to prevent any possible change in the 
concentration of lipids in the plasma due 
to anoxia (cf. Hueck, 713), each fish was 
bled immediately it was taken from the 
water. The blood samples were centri- 
fuged as soon as possible after collection 
and the plasma was then stored in the 
refrigerator at about 3°C until the analy- 
ses were completed. 

Electrophoresis. ‘The plasma proteins 
and lipoproteins were separated by the 
method of filter paper electrophoresis. A 
barbiturate buffer of pH 8.6, ionic strength 
0.06 M was used and the separations car- 
ried out for 16% hr. Whatman no. 1 
chromatographic paper was cut into 3- 
inch-wide strips and the plasma (0.02 
ml) applied in two spots, one to each 
half of the paper. At the end of each run, 
the paper strips were dried in a hot air 
oven at about 80°C and then cut in two. 
One half of the paper was stained for pro- 
tein with bromophenol blue and the other 
half for lipid with Sudan black according 
to the method of Swahn (752). The dis- 
tribution of protein and lipid along the 
pattern was measured by cutting the strips 
into pieces 0.5 or 1.0 cm wide and eluting 
the dye in each piece. The optical density 
of the dye eluted from these pieces was 
then measured in a Beckman spectro- 
photometer at a wavelength of 595 mu. 
Diagrams were constructed from these 
measurements by plotting the optical den- 
sity against the distance migrated. The 
areas under these curves were measured 
by the method of Tiselius and Kabat (39) 
and the percentages of albumin and glob- 
ulin in each sample were calculated. As 
no suitable standards of-reference were 
available to define the fractions found in 
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TABLE 1 
The concentrations of total esterified fatty acids, total cholesterol and phospholipid in the plasma 
of some species of fresh and salt water fish 


The number of samples of plasma analyzed is shown in parentheses for each species. The mean 


results are given together with their 


Total _ 


standard errors. 


eee wes Cholesterol/ 
Species a eee Pee bates 6 Phospholipid phospholipid 
acids tale 
Fresh water fish meat “mg % mg % 
Rainbow trout (6) Beye) a= Tae, eyafo). == 7/s) 825 = 195 0.44 + 0.03 
(Salmo irideus ) 
Brown trout (6) 96.2 + 8.4 444 + 218 TL ==238 0.49 + 0.21 
(Salmo fario ) 
Silver perch (10) 42.4 = 5.9 463 = 55 1093 + 118 0.42 + 0.02 
(Therapon bidyana ) 
Macquarie perch (4) 6) 4) ae ONS) 997 2219 838 + 78 0.35 2:10:08 
(Macquaria australasica ) 
Murray cod (5) 40.6 + 2.5 464 + 22 843 + 54 0.49 + 0.04 
(Oligonus macquariensis ) 
(Maccullochella macquariensis ) 
Salt water fish 
Bonito (6) 45.9 = 5.2 383 = 28 1290 + 99 0.30 + 0.02 
(Sarda chiliensis ) (Sarda australis ) 
Groper 
(Achoerodus gouldit) 
Red form (4) 3.8 + 0.4 87+9 7O==10 1.27 + 0.08 
Blue form (6) 3.3 + 0.08 8iL= 6 1 aa 4 1.06 + 0.30 
Nannygai (5) HO) 2= OSS 195 + 10 154+4 1.26 + 0.03 
(Trachichthodes affinis ) 
John Dory (6) HOG e= Jel 11152559 964 + 23 0.42 + 0.03 
(Zeus australis ) 
Porcupine fish (5) 6ae=10.9 al ey eff Bis) am AML 0.34 + 0.06 
(Allomycterus jaculiferus ) 
Mulloway (4) i O16 Ee:5 404 + 40 fel == i! 0.52 = 0:02) 
(Sciaena antarctica ) 
Wirrah (5) DPI) am 1S) D382 0 665-223 0.36 + 0.01 
(Acanthistius serratus ) 
Snapper (10) 29.4 + 8.2 BES) Se S45} 739 = 59 0.46 + 0.02 
(Pagrosomus auratus ) 
(Chrysophrys auratus ) 
Variable leatherjacket (CHD) 10.4 2 1.9 89 +9 941 += 31 0.39 + 0.04 
(Balistes hippocrepis ) 
Tailor (6) 19.6 + 0.88 S78 15 627 = 23 0.60 + 0.02 
(Pomatomus pedica) a 
Maori cod (6) 7 fais hte) 144 + 27 347+ 91 
(Ophthalmolepis lineolatus ) a ee 
Black bream (5) 30.923 332 + 38 672) == 
(Mylio australis) ane 0.49.4 
Morwong (5) SPs; se are 246 + 23 489 + 
(Nemadactylus douglashi) gael 080 ae 
(Dactylopagrus morwong ) 
Port Jackson shark (1) 5.0 ¥> 
(Heterodontus phillipi) LS eae 
Rock blackfish (3) 90/5 == 1.15 133 +1 
Re Mae leita) =e io} 285/219 0.47 + 0.04 
(Girellipiscis elevatus ) 
Luderick (4) 22.4 + 3.6 320 + 
(Cacia ticteetdein) a= onl laS7gil se de) 0.58 + 0.07 
Gurnard (4) 19.3 + 2.6 142 + 
(Chelidonichthys kumu) = po ache 0.28 ae 
Parrot fish (4) 24.2 + 1,09 187 + . 
(Fmly. Labridae) ohare hie a 0.34 = 0.08 
Tiger flathead (8) 19.1 + 4.5 199 + 
(Neoplatycephalus richardsont ) atk pet 0.56 ae 
ole tae alta macrodon) . 
iting (3) 37.7 + 13.1 : 
(ailing iouleta) (68221298 1532 = 216 0.50 + 0.04 ; 
Hardgut mullet (5) 31.64 . 
(Miigit dobula) 31.64 3.8 437+ 77 1205 + 213 0.36 + 0.04 ; 
(Mugil cephalus ) ) 
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the plasma of fish, the proteins and lipo- 
proteins have been described in terms of 
the equivalent fractions found in mam- 
malian plasma. 

Chemical analyses. Total esterified 
fatty acids were measured by the method 
of Stern and Shapiro (753); total choles- 
terol by the method of Kingsley and Schaf- 
fert (49) or by the method of Abell, Levy, 
Brodie and Kendall (’52) and phospholipid 
phosphorus by a micro-modification of 
King’s method (’32) or by the method of 
‘Zilversmit and Davis (750). The values 
for lipid phosphorus were multiplied by 
25 to convert them to phospholipid. 


RESULTS 


The concentrations of lipid in the 
plasma of fish 


The concentrations of total esterified 
fatty acids, total cholesterol and phospho- 
lipid in the plasma of some species of 
fresh and salt water fish are given in 
table 1. In the fresh water fish, the mean 
levels of lipid in the plasma of each 
species was high but in the cases of the 
brown and rainbow trout, there were wide 
variations between individuals of the same 
species. All the samples of plasma from 
brown and rainbow trout were obtained 
from male fish caught during the winter 
months just before spawning. The plasma 
cholesterol varied between 59 and 1415 
mg % for the brown trout and between 
159 and 662 mg % for the rainbow trout. 
These variations account for the large 
standard errors shown in table 1. The 
variations between individuals of other 
fresh and salt water species were less 
than for the trout and the standard errors 
of the mean values in these cases were 
thus much smaller. 

_ Among the salt water fish, species such 
as the groper, John Dory and _ leather- 
jacket had mean levels of cholesterol 
around 100 mg %, whereas species such 
as the bonito, mulloway, tailor, whiting 
and mullet had mean levels between 400 
and 800 mg %. 

The characteristic feature of most of 
the species of fish examined was the rela- 
tively high concentrations of phospholipid 
in the plasma. The highest concentrations 
were found in samples of plasma from 
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rainbow trout (1700 mg % ), silver perch 
(1600 mg %) whiting (1925 mg %) 
and mullet (1737 mg %). In all those 
species of fish in which the levels of lipid 
in the plasma were high, the cholesterol/ 
phospholipid ratio was of the order of 0.5. 


The relationships between the lipid 
fractions of the plasma 


The concentrations of cholesterol, phos- 
pholipid and total esterified fatty acids in 
the plasma were found to be highly cor- 
related. Table 2 shows the correlation co- 
efficients which express these relationships 
for both fresh and salt water species. The 
correlation between the concentration of 
total cholesterol and phospholipid is 
shown in figure 1, together with the cal- 
culated regression equations for both fresh 
and salt water fish. There was no signifi- 
cant difference between the slopes of the 
two regression lines although the mean 
levels of cholesterol and phospholipid dif- 
fered significantly between the two groups 


(P < 0.001). 
TABLE 2 


Table of correlation coefficients expressing the 
relationships between the concentrations of 
total esterified fatty acids (y), total cho- 
lesterol (x1) and phospholipid (x2) 
in the plasma of some species 
of fresh and salt water 
fishes 


x1Y x2y x1 XK2 


Fresh water fishes 


0.6901 0.8871 0.9461 
Salt water fishes 
0.805! 0.833! 0.874! 
1P < 0.001. 


The electrophoretic patterns of 
samples of fish plasma 


Examples of electrophoretic patterns of 
fish plasma are shown in figure 2 and 
elution diagrams constructed from sev- 
eral patterns in figures 3 and 4. 

In general, the protein fractions did not 
separate as well as those in samples of 
mammalian plasma. For some species of 
fish (e.g., Murray cod and parrot fish) 
the electrophoretic mobility of the plasma 
proteins was low and it was necessary to 
extend the length of time of the run to 
obtain adequate separation.. As a rule, 


224 


the subfractions of the a and globulins 
remained unseparated. In most samples 
4 or 5 distinct protein fractions could be 
identified. It was often difficult to decide 


TABLE 3 
The albumin and globulin of the plasma of some 
species of fish expressed as a percentage of 
the total protein, together with the 


A/G ratio 
Species Albumin Globulin A/¢ 
% % s. 

Fresh water fish 
Brown trout 9 91 0.10 
Rainbow trout 49 oll 0.96 
Murray cod 29 Til 0.41 
Salt water fish 
Bonito Sys) 45 122) 
John Dory 10 90 0.11 
Porcupine fish 12 88 0.14 
Wirrah 10 90 0.11 
Snapper 18 82 0.22; 
Leatherjacket 15 75 0.20 
Tailor tos) 45 122 
Parrot fish 18 82 0.22 
Whiting 48 52) 0.92 
Mullet bo 47 eS. 
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Fig. 1 The relationship between the concentration of chol 

— . esterol (x 
phospholipid (y) mg% in the plasma of some species of fresh and salt ean eee 
water species; ©, salt water species. The regression equations expressing these relationships 
are as follows: y= 910 + 1.262 (x — 417) for fresh water fish; y = 576 + 2.176 (x — 256) 


for salt water fish. 
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how to describe the proteins as in some 
cases fractions which may have been y 
globulin showed a mobility similar to that 
of the 6 globulins of human plasma. In 
some samples of plasma, the fastest mi- 
grating protein fraction was present in 
low concentrations. Whether this compo- 
nent contained all the albumin or whether 
the fraction migrating immediately behind 
also contained albumin is not known. For 
the purpose of describing the electropho- 
retic patterns, the protein fraction which 
localized at the origin of the pattern has 
been termed y globulin and the fastest 
migrating component albumin. 

Brown trout. The protein pattern sep- 
arated into 4 distinct fractions. There was 
a high concentration of $ globulin and a 
low concentration of albumin in the 
plasma. The albumin fraction comprised 
only about 9% of the total protein (table 
3). There was no significant amount of 
lipid associated with the 6 globulin frac- 
tion and almost all the plasma lipids mi- 
grated with the a globulins. 


/400 /800 


per cent 
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Fig. 2 Electrophoretic patterns of samples of fish plasm. Direction of migration is from 
above downwards. The pattern on the left of each pair is stained for protein and on the 


right for lipid. A, Brown trout; B, 
Whiting. 


Rainbow trout; C, Murray cod; D, Bonito; E, Mullet; ie 
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Brown trout 


Fig. 3 Elution diagrams constructed from electrophoretic patterns of samples of fish 
plasma. The direction of migration is from left to right. 


Rainbow trout. Although this species 
is closely related to the brown trout the 
protein and lipoprotein patterns were quite 
different. Four protein fractions separated 
distinctly and about half of the total pro- 
tein was albumin. In most samples there 
was a Single lipoprotein fraction which 
was present in high concentrations and 
migrated with the albumin. 

Murray cod. The electrophoretic mo- 
bility of the proteins in the samples. of 
cod plasma examined was lower than for 
most of the other species. The a globulin 
fraction was present in highest concentra- 
tion and the A/G ratio was low. The lipo- 
protein pattern showed two distinct bands 
of lipid; a small component associated 
with the 6 globulins and a large compo- 
nent associated with the albumin. 

Bonito. Five protein fractions were 
present in the plasma. The albumin frac- 
tion contained about 55% of the total 
protein and the lipoprotein pattern showed 
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Rainbow trout 


O—O, protein; @. .@, lipid. 


a single fraction which migrated with thi 
a globulin and albumin fractions. 

John Dory. Most of the samples 
plasma from this species had 6 separat 
protein fractions. There was a large pea: 
which migrated in the a globulin positio 
several other smaller globulin fractio 
and a small fast migrating albumin fra 
tion. The A/G ratio was about 0.1. Th 
lipoprotein pattern showed small amoun 
of lipid associated with the globulin fra 
tions and a small but discrete peak whic 
migrated with the albumin. 

Porcupine fish. Five protein fractio 
were present in the plasma and these ha 
a relatively high electrophoretic mobilit 
The 8 globulin peak was large and ther 
were two smaller a globulin fractions an 
a small albumin fraction. The lipid co 
tent of the plasma was low and most 
it was associated with the albumin. 

Wirrah. In this species the globuli 
comprised the major part of the protein 


PROTEINS AND LIPIDS OF FISH PLASMA 


Bonito 


hough the albumin fraction comprised 
y about 10% of the total protein, al- 
st all of the lipid in the plasma was 
ociated with it. 

Snapper. In most samples of plasma 
re were 4 distinct protein components 
which the a globulins were present in 
thest concentration. The A/G ratio was 
The concentration of lipid in the 
sma was relatively high and there was 
iscrete lipoprotein fraction which mi- 
ted with the albumin. 

Leatherjacket. The proteins in sam- 
of plasma from this species had a 
tively high electrophoretic mobility and 
arated into 4 distinct fractions. There 
3 a small y globulin peak, a large 6 
ulin peak and small a globulin and al- 
in peaks. The A/G ratio was low. 
re was a low concentration of lipid 
sent and this was associated with the 
amin fraction. 
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Leatherjacket 


Fig. 4 Elution diagrams constructed from electrophoretic patterns of samples of fish 
plasma. The direction of migration is from left to right. O—O, protein; @. .@, lipid. 


Tailor. There were 4 protein fractions 
of which the albumin fraction was the 
largest and comprised about 55% of the 
total protein. The « globulin was the next 
largest fraction and there was only small 
amounts of 8 and y globulins present. 
There was a high concentration of lipopro- 
teins and these migrated as a single frac- 
tion with the albumin. 

Parrot fish. The protein pattern of the 
plasma of this species was similar to that 
of the wirrah. The lipoproteins were also 
present in about the same concentrations 
and had the same mobility as the albumin. 

Whiting. The proteins separated into 
5 components. Albumin comprised about 
50% of the total proteins. The «a and 8 
globulins were present in similar concen- 
trations while the y globulins comprised 
the smallest fraction. A large peak of lipid 
was associated with the albumin and a 
smaller peak was associated with the 6 
globulin. 3 
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Mullet. There were 4 protein fractions 
present of which the albumin and the a 
globulin comprised most of the total pro- 
tein. The concentration of y globulin and 
of 8 globulin was low. There was a high 
concentration of lipid in the plasma and 
this migrated almost entirely with the al- 
bumin. A small amount of lipid was as- 
sociated with the a globulins. 


DISCUSSION 


The physical state of lipids in the 
plasma of fish 


The close correlation between the con- 
centration of total cholesterol and phos- 
pholipid in the plasma of animals has 
been well known since Térroine (’14) first 
described the élément constant. While the 
correlation between cholesterol and phos- 
pholipid is now established for fish plasma, 
it appears that regression lines expres- 
sing this relationship for human and fish 
plasma would have significantly different 
slopes. The ratio of cholesterol to phos- 
pholipid is much larger for human plasma 
than for fish plasma. 

Drilhon (’54b) reported that the plasma 
of eels and carp contained high concentra- 
tions of a lipoproteins. It can be seen from 
the results reported in this present paper 
that lipoproteins with a high electropho- 
retic mobility were the most consistent 
feature of the samples of fish plasma. 
These lipoproteins contained most of the 
lipid of the plasma. The Murray cod and 
the whiting were the only two species of 
fish in which a distinct 6 lipoprotein frac- 
tion was present. Chemical analyses 
showed that the plasma of fish contained 
a high proportion of phospholipid to cho- 
lesterol. This presumably was a feature 
of the lipoproteins as well. The high mo- 
bility of the lipoproteins on filter paper 
suggested that they were of relatively 
small molecular size. Ahrens and Kunkel 
(49) considered that the concentration of 
phospholipid available for the formation 
of complexes with protein was an impor- 
tant factor in determining the particle size 
of plasma lipids. The high concentration 
of phospholipid in the plasma and the 
small size of the lipoproteins would ac- 
count for the fact that although some 
samples of fish plasma contained up to 


3% of lipid, they were always quite clez 
Ahrens and Kunkel (’49) have made sini 
ilar observations on some samples of hil 
man plasma. 

It appears that most of the proteins 
the plasma of mammals can combine wi 
lipid to form lipoprotein complexes (M 
Farlane, 49). When the various proteij 
are present together in solution, those wil 
the greatest affinity for lipid will for) 
lipoproteins. In human plasma, the | 
globulins apparently combine most read? 
with lipids and 8 lipoproteins are prese; 
in highest concentration. Russ, Eder aj 
Barr (°51) have shown that the ratio | 
cholesterol to phospholipid varies betwe; 
the different lipoproteins. In humj# 
plasma the 8 lipoprotein has a cholesterc 
phospholipid ratio of about 1 whereas tt 
quotient was about 0.5 for the a lipop1 
tein. In those species of fish in which | 
a lipoprotein was the only fraction prese 
the cholesterol/phospholipid ratio was 
the order of 0.5 or less. 


The relationship of diet to the lipid 
content of the plasma 


It appears that the amount and type # 
fat eaten in the diet affects the content } 
lipid in the plasma. It is difficult to estd 
lish with certainty the dietary habits 
fish in their natural environment but s} 
cies such as trout, Murray cod,. sil\ 
perch, bonito, snapper, tailor, mullows 
and whiting, eat considerable amounts } 
fat. This fat is derived mainly from ot 
fish and marine and fresh water organis: 
and consists of a large proportion of pq 
unsaturated fatty acids (cf. Hilditch, “54 
It is thought that in man, the ingestion! 
unsaturated fatty acids brings about < 
nificant reductions in the levels of chol 
terol and phospholipid in the plasma. (| 
Ahrens, Hirsch, Insull and Peterson, °5/] 
If unsaturated fatty acids have the sai} 
effect in fish as in humans, it would 
interesting to determine the levels of c. 
lesterol and phospholipids in the plasma 
fish fed on diets which contained o 
saturated fats. 

In humans, hypercholesterolemia 
thought to be one of the principal fac 
which predisposes to atherosclerosis. 
the rabbit, atherosclerosis can be produ 
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sxperimentally in animals with levels of 
plasma cholesterol of the same order as 
those found in many of the species of fish 
reported in this paper. As far as is known, 
atherosclerosis does not occur naturally in 
fish in spite of these high levels of plasma 
cholesterol. The reason for this may lie 
in the different physical state in which 
the cholesterol is carried in the plasma and 
in the large amounts of phospholipid 
which are associated with it. 


SUMMARY 

Samples of plasma obtained from 26 
different species of fresh and salt water 
fish have been analyzed for their protein 
d lipid content, using methods of paper 
electrophoresis and chemical analysis. 
The plasma of many of these species of 
ish contained concentrations of choles- 
cerol of the order of 300-1000 mg % and 
soncentrations of phospholipid of the order 
of 1000-2000 mg %. There was a close 
correlation between the concentrations of 
‘otal esterified fatty acids, total cholesterol 
d phospholipid in the plasma. Electro- 
dhoretic patterns of the plasma showed 
shat in most species of fish the lipoproteins 
aad a high electrophoretic mobility and 
igrated with the a globulins or the albu- 
in fractions. The plasma of the Murray 
od and the whiting contained a lipopro- 
rein which migrated with the 6 globulins as 
vell as a faster component which migrated 
with the albumin. These findings are dis- 
sussed in relation to the way in which 
ipids are transported in the plasma. 
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slow Potential and Conduction Delay at the Atrio- 
Ventricular Region in Frog's Heart 


FUMITAKE INOUE! 


Physiology Division, The Research Institute of Applied Electricity, 
Hokkaido University, Sapporo 


It is known that the propagation of 
iction potential from the atrium to the 
rentricle registers substantial delay and 
he delay is caused at the atrio-ventricular 
‘egion. In warm-blooded animals there 
Ss no connection between muscle fibers of 
he atrium and the ventricle, and the ac- 
ion potential of the heart muscle traveled 
hrough “Reizleitungssystem.” In this case 
here is also some delay at Tawara’s node 
‘Alanis et al., 58; Rosenblueth, 58). A 
extbook by Evans (’52) states that in a 
‘old-blooded animal there is no “Reizleit- 
iIngssystem” but muscle fibers of the 
trium and the ventricle continue. Skra- 
nilk (27) and his collaborator (Ishihama, 
27) in a series of experiments showed 
hat a cold blooded animal has still time 
lelay in the impulse conduction at the 
trio-ventricular region and if muscle fi- 
ers of the atrium and the ventricle are 
ontinued without interruption, the con- 
uction delay at the region could not. be 
xpected. 

It is also expected when the node con- 
titutes synaptic-like structure, a slow po- 
sntial similar to the end-plate potential 
aust be obtained at the node or at the re- 
ion, and the time delay is due to the slow 
otential. 

Hoffman et al. (58) showed that the 
ormal atrio-ventricular nodal delay re- 
ted from slow conduction within the 
ode rather than from refractoriness of 
odal tissue or from some synaptic-like 
lay at the junction of nodal fibers. On 
ae contrary, Scher et al. (758) obtained 
ow potential change in the atrio-ventricu- 
i node. Their experiments were done 
y means of extracellular electrodes and 
1e records were not obvious to perceive 
1e slow potential. 

Recently Matsuda et al. (58) recorded 
remarkably slow-notched potential at 


— 


the node in a dog’s heart by means of in- 
tracellular electrode. 

The present experiments were con- 
ducted to elucidate the cause of conduc- 
tion delay at the atrio-ventricular region 
in cold-blooded animals. 


METHODS 


The experiments were performed with 
a heart muscle isolated from Rana tem- 
porlia and R. nigromaculata. The heart 
was cut in half longitudinally and mounted 
in a bath of Ringer’s fluid in a petri dish. 
The heart was fixed at apex and base by 
needles and kept in a stretched condition 
to lessen movement. The preparation was 
viewed under a binocular microscope of 
xX 60 magnification, using transmitted or 
reflected light. A capillary microelectrode 
with an external tip diameter less than 
0.5 u, filled with 3 M KCl, was used by the 
suspension electrode method after Woods- 
bury and Brady (’56). The heart was 
stimulated through fixation needles which 
were covered, except at the tip, by small 
vinyl tubes to avoid current leakage. In 
most experiments, the stimulus was ap- 
plied at the vicinity of the sinus venosus. 
All the experiments were performed at a 
temperature of 15—-18°C. 


RESULTS 


Figure 1 shows the record of the action 
potential in which the microelectrode was 
inserted close to the atrio-ventricular re- 
gion from the outer surface. In the record 
A the electrode was inserted at the atrial 
side of the atrio-ventricular zone, while in 
B at the ventricular side. Distance dif- 
ference of the electrodes of each record 


1 Present address: Department of Pharmacology, 
University of Manitoba, Winnipeg, Canada. 
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Fig. 1 Action potentials at the vicinity of ring 
muscle showing at atrial side (A) and the distal 
side (B). Difference of distance between the 
two within 1 mm. The difference of latency be- 
tween stimulus artefact (S) and the start of 
action potential is 170 msec. and longer beyond 
conduction length. Lower record (C) was ob- 
tained when microelectrode was inserted at 
intermediate. Stimulus was applied at above 
sinus. Time mark, 20 and 170 msec. Calibration, 
50 mv. 


A 


FUMITAKE 


INOUE 


was within about 1 mm. However, it was # 
noticed that the difference of intervals be- | 
tween the stimulus artefact and the onset jj 
of the action potential was large and} 
greatly exceeded the difference of conduc- H 
tion length. | 

When the microelectrode was inserted |} 
exactly in the ring muscle fiber at the atrio- i 
ventricular region, the recorded action po- }j 
tential was as shown in figure 2. At the ris- }| 
ing phase of the action potential an end{j 
plate-like slow potential was observed. || 
Matsuda et al. (58) recently observed this} 
slow depolarization at the atrio-ventricular | 
node of a dog’s heart. The average critical | 
level at which the intrinsic action potential || 
starts is about 13 mv from the resting} 
level or 47 mv from the zero level. And| 
the value is similar to that of a pacemaker } 
potential of a frog’s heart sinus recorded if 
by del Castillo and Katz (’55). The delay | 
of intrinsic action potential of the ring § 
muscle from the start of the slow depolari-; 
zation ranges between 60 and 140 msec. | 
This long latency sufficiently explains the} 
conduction delay at the atrio-ventricular| 
zone in both cold (figs. 1 and 2) andi 


; Fig. 2 Several records of action potentials obtained from ring muscle fibers. Stimulus, at abov: 
sinus in A, B and C. Spontaneous activity in D. The time delay of intrinsic action potential o 


ring muscle from the onset of slow depolarization ranges between 60-140 msec. 


Critical level a 


which the intrinsic action potential starts is about 13 mv from resting level. Time mark, 20 an 


170 msec. Calibration, 50 mv. 
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arm-blooded animals (Matsuda et al., 
8). Another characteristic feature of the 
stion potential recorded from the ring 
uscle fiber is the deficiency of overshoot- 
ig on several occasions. 

When the electrode was inserted into 
1e ventricular fiber below the ring muscle 
ber or rarely at any region of the ven- 
‘icle, sometimes the action potential as 
10wn in figure 3 was recorded. Initial up- 
roke of the action potential was slow 
2ing followed by the normal action po- 
sntial of the fiber and lasted gradually to 
qe normal resting level. The normal 
ction potential seems to be superimposed 
1 the small slow depolarization which is 
1own with a dotted line. General feature 
f the total action potential is similar to 
1e one obtained from the ring muscle 
ber with the exception of short latency 
tom the start of slow depolarization to 
mset of fast intrinsic potential of the fi- 
er. This small slow depolarization may 
2 due to synaptic-like structure of inter- 
alated disks among the ventricular mus- 
‘e fibers, but some histologists describe 
as artificial structure, while others be- 
eve that the myofibrils pass uninter- 
iptedly through the intercalated disks 
Jaximow and Bloom, ’52). 
To account for figure 3 the existence of 
he synaptic-like structure at intercalated 
sks among the ventricle fibers may be 
ksumed. When the microelectrode was 
serted exactly at this region, the action 
btential like figure 3 was recorded. The 
gue nature, however, remains obscure. 
i Frequently the action potential as in 
bure 4 was recorded when the electrode 


aos" =282 = 
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Fig. 3 The record at under ring muscle fi- 
rs. At the beginning of the action potential, 
bte the small slow depolarization. The intrinsic 
xrmal action potential is superimposed on the 
w depolarization, whose time course is shown 
th a broken line. The same record was ob- 
Sined at any region in the ventricle on rare 
‘scasions. S, stimulus artefact. Time mark of 
ro level, 20 msec. Calibration, 50 mv. 
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Fig. 4 Records at cut surface of ring mus- 
cle fibers. Frequently, duration of action poten- 
tials is short, sometimes, undershoot; and some- 
times, sharp step in the rising phase. Sponta- 
neous activity. Time mark, 170 msec. Calibra- 
tion, 50 mv. 


was inserted in the ring muscle fiber at 
the cut surface. The duration of the ac- 
tion potential was short and some showed 
small amplitude and others a sharp step in 
a brief rising phase. The notch is similar 
to the one which was recorded by Hoffman 
et al. (58) at a fiber of the atrio-ventricu- 
lar node of a rabbit’s heart under hypoxic 
condition. The genesis of this type of 
action potential is obscure but it may be 
caused by poor condition of the prepara- 
tion as Hoffman et al. (58) have sug- 
gested. 


DISCUSSION 


The present experiments have shown 
that the conduction of action potential of 
the heart muscle has large latency at the 
atrio-ventricular region even in a cold 
blooded animal (fig. 1). The zone where 
the end-plate-like potential can be regis- 
tered is well delimited and its location coin- 
cides with the histological description of 
the ring muscle of the heart (Yoshioka 
and Mori, 35). When the intracellular 
microelectrode was inserted above or be- 
low this fiber, it is not possible to register 
the characteristic potential. This justifies 
that the potential originates in the ring 
muscle fiber located at the atrio-ventricular 
region. 

In early experiments Skramilk (727) and 
his collaborator (Ishihama, 727) had 
shown that in a cold blooded animal which 
has no “Reizleitungssystem,” the conduc- 
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tion time of the heart’s action potential 
from the atrium to the ventricle or of the 
retrograde conduction has a gap at the 
A-V region. But they merely described the 
experimental data and did not discuss its 
origin. 

For the conduction delay at the A—V 
region, three possible causes may be con- 
sidered: (1) Slow conduction within the 
nodal tissue of a mammalian heart and 
the atrio-ventricular tissue of lower verte- 
brates; (2) refractoriness of the tissue at 
this region; (3) some synaptic-like delay 
at the tissue of this region. Hoffman et 
al. (758) noticed the action potential be- 
ing a low potential with a slow rising 
phase in the A—V node of a rabbit similar 
to the pace-maker potential, and they con- 
sidered that the normal atrio-ventricular 
nodal delay was due to slow conduction 
within the node rather than to refractor- 
iness of nodal tissue or to some synaptic 
delay at the junction of the nodal tissue. 

On the other hand Scher et al. (’58) 
recorded slow potential change at the A— 
V node. However, their investigations 
were conducted with extracellular elec- 
trodes and they had stated that the A-V 
nodal depolarization may invole a slower 
change than other cardiac cells and a 
study of the buried nodal cells with in- 
tracellular electrodes may answer this 
question. 

Recently Matsuda et al. (758) reported 
the same form of the action potential in 
the A-V node of a dog’s heart as shown 
in figure 2 and considered that the “A—V 
conduction delay” is due to the spike de- 
lay of the action potential occurring in the 
course of the impulse conduction in short 
distance at the proximal portion of the 
A-V node, owing to the characteristic be- 
havior of the cellular membrane. Mat- 
suda’s statement also could apply to the 
author’s result, with which the latter would 
agree. 

In heart muscle fibers of a cold-blooded 
animal—unlike those of a warm-blooded 
animal—atrial muscle fibers run continu- 
ously to the ventricle, and there is no 
interruption between atrium and ventricle 
(Evans, 52). Present results, however, 
may conclude that there seems to be no 
continuity of muscle fibers between them, 
but an end-plate-like junction exists. 
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Therefore, the action potential of this 1) 
gion shows the time course as in figure || 
The structure of the junction would |) 
primitive and then the efficiency of if 
pulse transmission at the junction was n| 
good—that time delay of conduction of iri 
pulse may become longer and hence retr} 
grade conduction could be possible frojj 
the ventricle to the atrium. i 

The author should interpret the reco 
of figure 3 that intercalated disks whid| 
have been described as an artificial produ}; 
by an histologist, or through which myj 
fibrils are believed to pass uninterrupted 


= 


there in living ventricular cells. 
true, the action potential having the sanjij 
form as in figure 3 must be obtained froy 
a giant axon in the ventral cord of Lun 
bricus, which has oblique septum in 
(Bullock, *45). But the definite answ#l 
should remain. / 

The action potential in figure 4, whic 
was recorded when the microelectrode wd 
inserted at the cut surface into the rir 
muscle fiber, is similar to Hoffman’s (Hof 
man et al., 58) record at rising pha 
and it might be considered as poor cond 
tion in preparation. But detailed analysy 
may be expected at later experiments. 


7! 


SUMMARY 


1. Frog’s hearts were isolated and cut i 
half. The conduction delay at the ri 
mugcle fiber was studied by means of th 
intracellular microelectrode. 

2. When the microelectrode was it 
serted above or under the ring muscle fib 
within 1 mm of distance, the difference 
the latency between stimulus artefact 2 i 
the start of the action potential exceeds thi 
conduction length. | 

! 
1 
! 
l 


3. When the microelectrode was 
serted exactly in the ring muscle fiber 
characteristic action potential was ol 
tained. As the potential could only be ok 
tained at a delimited region, it must o 
ginate in the ring muscle. 

4. This characteristic potential was enc 
plate-like and had a step in the risi 
phase. A delay of intrinsic normal actio: 
potential from the onset of slow depola 
zation showed 60-140 msec. Sometimed 
the action potential did not overshoot. 


i 


i 
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5. Conduction delay of the impulse 
from atrium to ventricle is probably due to 
this synaptic-like delay and it is concluded 
that in frog muscle fibers between the 
atrium and the ventricle there is interrup- 
tion like mammalia and a certain synaptic 
structure is existent. 

6. Sometimes action potentials of ven- 

tricle fibers also have a small notch in the 
Yising phase similar to that of ring muscle 
fiber. It might suggest that among the 
ventricle muscle fibers there also is synap- 
tic structure as intercalated disks, but 
some histologists have described it as an 
artificial product. 
_ 7. When the microelectrode was in- 
‘serted at cut surface into the ring muscle 
fiber, the recorded action potential is of 
short duration, sometimes a sharp step in 
the rising phase, and sometimes an under- 
(shoot. This is probably due to poor con- 
dition of preparations. 
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urther Observations on the Separate Steps 
wolved in the Active Transport of 
hlorphenol Red by Isolated Renal 

ubules of the Flounder In Vitro’ 
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‘Earlier in vitro observations on the 
anscellular movement of organic anionic 
res by isolated renal tubules of the 
»under disclosed that surfaces of brush- 
order cells at both the luminal and vascu- 
r sides are sites of energy-demanding 
ansfer processes, each subject to com- 
stitive inhibition. However, these trans- 
ir processes were found to differ with re- 
vect to the effects of various competitive 
hibitors on depression of chlorphenol red 
ptake or on facilitation of dye run-out 
sbsequent to its accumulation intralumi- 
ally (Forster and Hong, ’58). The stud- 
3 reported here were designed to char- 
‘terize more completely these two transfer 
eps as follows: (1) by further delineat- 
g the role of Ca** in the active transport 
acid dyes at the luminal site, (2) by 
sessing the relative effectiveness of 
‘tious competitive inhibitors such as p- 
ninohippurate (PAH), diodrast (3,5- 
jiodo-4-pyridone N-acetic acid diethanol- 
ine), benemid (p-di-n-propylsulfamyl) 
mzoic acid), and carinamide (p-(Ben- 
Isulfonamido) benzoic acid) on the 
tes of both uptake and run-out of dye, 
id finally (3) by observing the action of 
orizin on transfer at both sites. 
Earlier it was shown (Puck, Wasser- 
an, and Fishman, ’52) and confirmed 
Torster and Hong, ’58) that the transport 
organic acid dye from cell to lumen in 
lated flounder renal tubules is depend- 
it upon Ca**. However, the specific 
iture of the role played by this divalent 
tion is not well understood. Although 
was previously demonstrated that vari- 
is competitive inhibitors interfere with 


both the uptake and the run-out of dye 
(Forster and Taggart, 50; Hong and 
Forster, 58), no systematic comparison 
has been made of the relative magnitude 
of inhibition induced by various sub- 
stances in a homologous series, nor has it 
been determined to what degree each of 
the substances inhibits both the uptake and 
run-out processes. Phlorizin is known to be 
secreted by the mammalian tubule 
through a benemid-sensitive transport sys- 
tem (Braun, Whittaker and Lotspeich, ’57 ) 
and it also interferes with oxidative phos- 
phorylation (Lotspeich and Keller, 56). 
The extent to which this substance affects 
organic acid dye uptake and run-out proc- 
esses in vitro at low concentrations has not 
previously been tested. 


METHODS 


The procedures used in this investiga- 
tion were the same as those described 
earlier for studying by direct observation 
the active cell transport of chlorphenol 
red as a representative organic acid by 
isolated renal tubules of the flounder in an 
oxygenated balanced isotonic salt solution 
(Forster, 48; Forster and Hong, 58; Hong 
and Forster, 58). Uptake observations 
were generally made over a period of one 
hour. To study effects of various factors 
on run-out of dye the tubules were trans- 
ferred after maximal intraluminal con- 
centration was achieved (++++ in 60 


1 Supported by a grant from the National Heart 
Institute (H-4457). : 

2 Present address: Department of Physiology, 
Yonsei University School of Medicine, Seoul, 


Korea. 
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min.) to oxygenated dye-free medium as 
controls, or to dye-free medium modified 
by the experimental variable to be tested. 


RESULTS AND DISCUSSION 


1. Calcium and the transfer process 
from cell to lumen (step II) 


(a) Run-out in Ca**-free medium. As 
shown orginally by Puck, Wasserman, and 
Fishman (752), step II is blocked when 
Ca** is absent in the medium, and dye 
under these circumstances accumulates in- 
tracellularly instead of undergoing intra- 
luminal concentration. This could imply 
that Ca** deficiency renders the cell mem- 
brane on the luminal side impermeable to 
the dye. If this were the case, then run- 
out of chlorphenol red in a dye-free me- 
dium after its accumulation in the lumen 
should also be inhibited. That this was 
not the case is shown in table 1. Run-out 


TABLE 1 
Run-out from lumen of chlorphenol red in 
calcium-free medium after accumulation 
under control conditions 


Dye-free medium 
control 


Dye-free medium 
calcium absent 


Time 
Lumen Cell Lumen Cell 

min 
0 t+4+4+ °° = ++4++ — 
30 +++ — = _ 
60 +++ ~ - — 


of chlorphenol red was greatly facilitated 
when tubules were transferred to a Ca*t- 
free, dye-free medium.’ Within 30 minutes 
after transfer the intraluminal concentra- 
tion of dye was reduced from a maximal 
++++ concentration to +, or barely de- 
tectable. Furthermore, there was no transi- 
ent accumulation of dye within the cell 
during the run-out process. The latter 
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1 
finding also disproves an alternate sugg) 
tion that to provide movement from «| 
to lumen Ca** is needed to dissociate «|| 
from an intracellular carrier; that in jj 
absence irreversibly complexed dye mq 
cules would be trapped within the ci 
These run-out observations, however, sj 
port the idea that Cat* is necessary || 
transporting chlorphenol red against 
gradient across the luminal membrane. || 
plausible view of the situation which yp) 
vails when high luminal concentratid 
are being maintained is that in t)) 
“steady state” some of the dye in the || 
men tends to diffuse back into the ¢ 
only to be pumped again into the lun} 
when Ca*+ is present. However, in {| 
absence of Ca**, dye molecules which }} 
passively diffused across the leaky lumii) 
membrane would not again be activi 
transported into the lumen, but insted 
would diffuse on out of the cell at 1} 
vascular side into the dye-free medi 
thus speeding up the run-out process. 
(b) Ca** specificity. To determine 1 
critical level of calcium needed to mai 
tain step II, concentrations of calciv 
chloride in the control medium were vy 
ied from zero to 8.0 millimoles per liti 
The extent that chlorphenol red was 
cumulated within cells or lumina in ea 
medium is shown in table 2. It is evidd 
that with concentrations of calcium chi 
ride at or above 0.5 mmoles/] dye ; 
cumulated in the lumen without det 
table concentration within the cell. 
may be mentioned here that the teas 


3’The rate of oxygen consumption by tl 
kidney slices was not affected by the abseii 
of calcium chloride in the otherwise stand 
medium over a period of 90 minutes observatii 
The tubules also seemed normal as judged 


visible criteria of viability. 


TABLE 2 
Uptake of chlorphenol red by tubules in standard media containing various concentrations of calci 
Calcium chloride concentration in medium, mmoles/1 | 
Time 0 0.25 0.50 1.0 2.0 4.0 8.0 | 
Li c Rec Liaise C Lath. C tae a ] 
min, | 
30 as) Ge qe ee +++ — 44+ Se irar 
— See Greer eR 
60 25 Gas Gram os a so Oe ee ++++ —-. + 7b 
] 


1L=concentration of dye in lumen, and C =concentration of dye within cells. The concent 


tion of dye in the media was 3 ><@10-5M. 
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TABLE 3 
Effect of various concentrations of magnesium on the uptake of chlorphenol red 
Magnesium chloride concentration in medium, mmoles/1 
me 0 0.4 1.0 2.0 4.0 8.0 
EL 6C€ L Cc L Cc L Cc L Cc L Cc 
in. 
0 jee SS Sa SS jae == ae SS seq = a = 
10) qES0 = [eases SS a Spaeae == ara == [re == Sea == 


L=concentration of dye in lumen, and C=concentration of dye within cells. 


1 of dye in the media was 3 x 10°°M. 


gments of excised kidneys were 
ched in ice cold calcium-free, dye-free 
dium for 30 minutes prior to their 
nsfer to each of the experimental me- 
. for dye uptake observations under 
ndard conditions. 
In view of the known antagonism of 
***+ for Ca** in many general cell phe- 
mena, it seemed plausible that elevat- 
s the concentration of Mg** in other- 
se standard medium containing 1.5 
noles/1 of calcium chloride might pro- 
ce the blockade of step II similar to 
it seen in Ca*t-free medium. As 
ywn in table 3, this proved not to be 
» case. While there was some inhibi- 
n of dye uptake with both extremely 
7 and with high Mg** concentrations, 
tendency for dye to accumulate intra- 
ularly as with Ca** deficiency was 
ed. 
imilarly the concentrations of K* 
re varied with the Ca** concentration 
t at control levels to explore for pos- 
e antagonism between these ions. 
ce the (K*)/(Ca*t*) ratios in me- 
were increased from 2.5 (as in 
dard medium) to 20.0. There was 
appreciable change in dye uptake into 
lumen, and no tendency toward intra- 
ular accumulation. 
en Ca*+ was replaced by the di- 
ent strontium ion in an otherwise stan- 
-d medium it failed to substitute for 
** in step II, with the result that chlor- 
enol red accumulated intracellularly 
ctly as in Ca**-free medium. 

ese observations indicate that step 
is specifically under the influence of 
*+ for the active transfer of organic 
dye from cell fluid to lumen. Sev- 
possible ways Ca** might affect ac- 
‘transport of dye at this site are elim- 


The concentra- 


inated, but its precise mechanism of ac- 
tion remains obscure. 


2. Competitive inhibitors 


(a) Effect on uptake of dye from me- 
dium. In vitro transport of dye from 
control media which contained 3 X 10° 
M chlorphenol red was studied in the 
presence of 3 X 10*M concentrations of 
each competitive inhibitor. Concentra- 
tions of chlorphenol red in the lumen 
after uptake in vitro for 60 minutes un- 
der control conditions, and in the pres- 
ence of various competitors, are com- 
pared in table 4. In none of the experi- 


TABLE 4 


Transport of chlorphenol red in vitro as affected 
by various competitive inhibitors 


Dye 
concentration 
Inhibitor in the lumen 
at 60 
minutes! 
None +++ 
PAH aParae 
Benemid +t 
Carinamide +--+. 
Diodrast + to++ 


1In no case was dye seen within cells; concen- 
tration of chlorphenol red in medium was 3 X 
10-5 M; concentration of inhibitor in the medium 
was 3X 10°?M. 


ments was dye detectable inside cells. 
Among the competitors used, PAH was the 
least effective, and diodrast the most ef- 
fective inhibitor of chlorphenol red uptake. 
Benemid and carinamide effects were in- 
termediate. That diodrast showed a rela- 
tively greater competitive inhibition at the 
rate limiting step I site than did PAH is 
very interesting in view of the opposite 
order of effectiveness on the run-out pro- 
cess from lumen (step II site), as will be 
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shown subsequently. In the intact aglom- 
erular marine teleost, Lophius, Tmpan is 
approximately three to 4 times greater 
than that of diodrast and, furthermore, 
in the presence of simultaneous equimolar 
plasma diodrast concentrations, Tmpan is 
reduced by 95%. Reciprocally, Tmaicarast 1S 
reduced by only 25% when equimolar con- 
centrations of PAH are simultaneously 
added to plasma. In other words, the 
slowly transported diodrast molecules in- 
terfere much more effectively with PAH 
secretion than PAH does with diodrast 
transport (Forster and Hong, in prepara- 
tion). 

(b) Effect of competitors on dye run-out 
from lumen. When, after maximal intra- 
luminal accumulation of chlorphenol red 
had been attained and the tubule prepara- 
tion was then transferred to dye-free media 
containing 3 X 10*M of the various in- 
hibitors, dye ran out of the lumen back 
to medium at varying rates as shown in 
table 5. Although run-out of dye was 
clearly facilitated by the presence of any 
competitive inhibitor, PAH was more ef- 
fective than diodrast, benemid or carina- 


TABLE 5 


Run-out of chlorphenol red from lumen as 
affected by various competitive inhibitors 


Dye concentration in the lumen at: 


Inhibitor 
30 min.! 60 min.! 
None Sete aleataate 
Benemid +--+ a= 
Carinamide + at 
Diodrast + — 
PAH = = 


1 Concentration of inhibitor in the medium was 
3 x 10-4M. No intracellular accumulation of dye 
occurred during run-out in the presence of the 
competitive inhibitors. 


TABLE 6 
Accumulation of chlorphenol red as affected by phlorizin 


Phlorizin concentration in medium 


Time 3x 10-3M 3x 10-4M 3x 10-5M o NS 
Li (o L Cc L Cc L C ; 
15 ae: + * ++ — = 
30 SIP a hae le = ae == t+ 4 
60 eh te - ae aes Hae ie ++ SS 


Dial) i as SER cies. Ie GGL LS ee 
+L =concentration of dye in lumen, and C = concentration within cells. The concentra- 


tion of dye in the media was 3 x 10-5 M, 


mide. Also, in an earlier study (Hong all 
Forster, 58) with equimolar concenti| 
tions of dye and competitor PAH promoi 
run-out of chlorphenol red faster than « 
diodrast. 

It appears to be generally true for ty 
series of organic acids that the most 
tively transported substances are the le} 
effective competitive inhibitors, while 1 
slowly transported ones are the most 
fective, (Forster, Sperber and Taggd} 
54: Forster and Hong, 58). The order} 
effectiveness as competitive inhibitors ; 
uptake is not the same as for run-o} 
For instance, bromcresol green is secret} 
very slowly, is a powerful competitor | 
chlorphenol red uptake in the isolated 
bule preparation, and also facilitates rv 
out greatly (Hong and Forster, ‘5% 
whereas PAH, actively transported it 
and relatively ineffective as an inhibil 
of chlorphenol red secretion, is the m 
effective facilitator of dye run-out frd 
the lumen. Evidently more work is nec 
sary along this line to delineate differend 
in membrane carriers at both sides 
proximal cells concerning their respect: 
affinities for transported compounds 
their turn-over characteristics. 


—— 


8. Phlorizin 


(a) Effect on dye uptake. Chlorphex 
red secretion into the lumen was progr 
sively inhibited as concentrations of p 
rizin in the medium were varied from 3} 
10° to 3 X 10°M (table 6). It is sign 
cant that at higher phlorizin concent 
tions, in addition to inhibiting the r 
limiting step I, it also produced a definit 
detectable concentration of dye in ce 
apparently by depression of the step 
process. 


IN VITRO RENAL TRANSPORT OF DYE 
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TABLE 7 
Run-out of chlorphenol red after intraluminal accumulation as affected by phlorizin 


Phlorizin concentration in medium 


Time 3x10-3M 3x 10-4M 3x 10-5M 10) 
Li GC L Cc L (e L Cc 
min. 
0 t4+4+4+  — t+++4+  — ++4+4+  — t4+t+4+ = 
30 + — ++ = ++4 t++ aa 
60 = — + — bar — sana — 


11, = luminal concentration of dye and C = intracellular. 


_(b) Effect on dye run-out. Run-out of 
shlorphenol red from lumen was also fa- 
silitated as a function of phlorizin con- 
rentrations over the same range used in 
he uptake study (table 7), here, however, 
with no visible accumulation of intracel- 
ular dye. 

| Further studies are required to deter- 
mine whether these phlorizin effects are 
jue to suppression of some oxidative phos- 
bhorylative step, to competitive inhibition, 
yr to combinations of the two. Phlorizin 
4as been found to suppress the rate of 
oxygen consumption in guinea pig kidney 
nomogenates (Lotspeich and Keller, (26) 
and to be secreted via a benemid-sensitive 
ransport system in dogs (Braun, Whit- 
-aker and Lotspeich, °57). 


SUMMARY 


The accumulation of chlorphenol red 
cross cell membranes on the vascular and 
‘uminal sides of “brush-border” cells was 
bserved directly in this system especially 
as it was influenced by Ca**, certain com- 
vetitive inhibitors, and phlorizin. 
Strontium did not replace Ca** in pro- 
moting active transfer of dye from cell to 
umen (step II), nor did Mg** or K* an- 
agonize the action of Ca**. Absence of 
%_*+ facilitated run-out of dye which had 
previously accumulated intraluminally un- 
Jer control conditions, suggesting that 
blockage of step II previously noted with 
Cat+ lacking in the medium is not due 
to decreased membrane pore size nor to 
irreversible complexing of dye with some 
intracellular carrier under these condi- 
tions. Current observations again support 
the hypothesis that with maximal concen- 
trations of dye within the lumen a “steady 
state” exists at the luminal cell border 
with the tendency for dye to diffuse from 


urine into cell being counter balanced by 
its active transport back again into the 
lumen. Run-out is facilitated when turn- 
over rates of carriers at this site are af- 
fected via competitive inhibition or by in- 
terference with some underlying energy- 
yielding metabolic event. 

Of the various competitors in the series 
of organic acids studied diodrast was the 
most effective inhibitor of dye uptake, ca- 
rinamide and benemid were intermediate, 
and PAH was the least effective. How- 
ever, PAH was the most effective in pro- 
moting run-out of dye subsequent to its 
accumulation intraluminally, then dio- 
drast > carinamide > benemid. Presum- 
ably there are differences in the complex- 
ing or turn-over characteristics of carriers 
at cell surface sites on the vascular and 
luminal sides respectively. 

Phlorizin in concentrations ranging 
from 3 X 10° to 3 X 10°M gradedly in- 
hibited uptake and facilitated run-out of 
chlorphenol red. Apparently phlorizin de- 
presses both steps I and II, but it has not 
been resolved whether its effects are due 
to competitive inhibition, suppression of 
some metabolic event underlying the trans- 
port process at these sites, or to combina- 
tions of the two. 
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The metabolism of benzoic acid has 
en studied in many vertebrates and in- 
cts, most of the metabolites were found 
be those which excrete a glycine con- 
gate, hippuric, and a glucuronic acid 
mjugate. However, Jaffe (1877) noted 
at hens excrete ornithuric acid after re- 
iving benzoic acid. Takahashi (’28) 
und the ornithine conjugate also in the 
day-old chick embryo, after the embryo 
id been innoculated with benzoic acid. 
scause chickens are uricotelic animals, 
id mammals are ureotelic, it might there- 
re be postulated that there is a corre- 
tion of the ornithine or glycine conju- 
tion with the uricotelic or ureotelic ni- 
»gen metabolism. Needham’s early work 
42) has shown that the chief end prod- 
t of nitrogen metabolism in the chick 
ibryo varies with the state of develop- 
ent, changing successively from ammo- 
to urea by the ninth day, and to uric 
id after the eleventh day of incubation. 
‘ie questions arise as to (1) whether the 
ick embryo does synthesize the glycine 
njugate with aminobenzoic acid in the 
cy earliest state of development while 
onia and urea are the chief nitro- 
ous waste products, and (2) whether 
& chicken and chick embryo metabolize 
* three aminobenzoic acid isomers dif- 
ently. This investigation is a report on 
r studies of these problems in adult 
ckens, kidney slices, and chick em- 
70S. 


MATERIALS 


The aminobenzoic acid isomers (0, m, 

id p), p-aminohippuric acid, and o- and 

uwcetamidobenzoic acid were purchased 
ee . 

‘ough a commercial channel. The other 

‘ivatives of aminobenzoic acid, such as 

laminohippuric acid, m-acetamidoben- 


Zoic acid, o-aminohippuric acid and p-am- 
inobenzoylornithine were obtained from 
Dr. P. K. Knoefel of this department. The 
authors are indebted to him for supplying 
these compounds. The glucuronide stand- 
ard solutions were prepared from the 
urine of a dog which had received an in- 
jection of aminobenzoic acid isomer some 
hours previously. The procedure has been 
described in the work of Knoefel, et al. 
(59). 
METHOD 


Embryonic studies. White medium- 
sized eggs from Leghorn hens were used. 
They were obtained from a local hatchery 
and incubated in a standard gravity type 
incubator with humidifier. One half milli- 
liter of 0.1 M sodium aminobenzoate solu- 
tion was injected through the air space 
into the yolk sac with a tuberculin syringe, 
and the hole was sealed. They were re- 
turned to the incubator for 24 hours, at 
which time they were harvested. Until 
the sixth day of incubation, harvesting 
included removal of the embryo as well 
as the allantoic and amniotic fluids. This 
was done to insure the collection of the 
conjugates, since the excretory system of 
the chick embryo is thought not to excrete 
via the allantois until the sixth day of 
incubation (Patten, 51). Thereafter, only 
the allantoic and amniotic fluids were har- 
vested. This task was accomplished by 
removing the shell and air space, tearing 
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the chorioallantoic membrane with a for- 
ceps, and laying the torn edges over the 
shell. The fluid was aspirated. A similar 
procedure was followed to harvest the 
amniotic fluid. 

The volume of the fluid was recorded 
and 5% trichloroacetic acid solution added 
to precipitate the protein. The filtrate was 
adjusted with NaOH solution to peel WE 
Analysis was performed on the neutralized 
filtrate. 

In vivo studies. White Leghorn chick- 
ens, weighing from 1.5-2.0 kg were ob- 
tained from a local poultry house. They 
were anesthetized with pentobarbital. The 
rectum was closed with a purse string 
stitch, forming a modified cloaca. A micro- 
funnel was placed in the cloaca and held 
in place by sutures thus allowing for col- 
lection of urinary flow into a graduated 
cylinder which was chilled with ice. The 
jugular vein was cannulated for infusion. 
A total dose of 0.5 mM/kg of the amino- 
benzoate isomer was diluted in 50 ml of 
10% mannitol solution and was infused 
at a constant rate over a period of three 
to 5 hours. 

In vitro studies. White Leghorn chick- 
ens were sacrificed by decapitation. The 
abdomen was opened, the kidneys removed 
immediately, and sliced in a “dry ice” cold 
chamber. Approximately 200 mg of the 
cortical slices were placed in an Erlen- 
meyer flask which contained 3 ml of 
Ringer solution with 10~* M ornithine or 
arginine added. The flasks were agitated 
in a water bath at 28°C for an hour under 
one atmosphere of oxygen. The procedure 
and the composition of Ringer solution 


TABLE 1 
Analytical data on the aminobenzoic derivatives 


Paper electrophoresis* 


Isomer Gi 
F a 
ycinate Orni. Glucur.$ Aminobenz. Glyc. Glucur. Orni. 
o- —1.8 —4.0 —4.5 0.90 0.72 0.48 0.44 
m- —14 —3.8 —4.5 0.82 0.60 0.38 0.34. 
p- —1.5 —3.7 —4.5 0.81 0.69 0.37 0.34 


1 Ascending column. Solvent: Butanol-acetic acid-water. Time: 10 hours. 

2 The o- and m- ornithine conjugates were obtained from the urine of the adult chicken 
after the administration of o- or m- aminobenzoic acid respectively. No attempt was made 
to pose the ey. and ee ee in this study. % 

e glucuronide conjugates migrated very sl i i ; 
sO close to the original point that the eter ik cena Sine eal ie 

4 Deviation in centimeters between the migration of aminobenzoic acid and the conjugates. 


have been reported elsewhere (Huang ej 
al., 58). At the end of an hour the slicei 
were removed, blotted with filter paper} 
weighed and then homogenized with 5 mi 

| 


of 5% TCA solution. The conjugates ix 
the tissue and medium were then fraq 
tionated as described below and the rat) 
of conjugation per gram of tissue wal 
calculated. 


ANALYSIS 


The modified Bratton-Marshall metho) 
of Smith et al. (45) was used to measur} 
the free aminobenzoic acid isomers anj 
their conjugate products. The acetylatey} 
products were analyzed after hydroled 
of the samples with an equal volume oj 
2 N HCl. The details are described elsq 
where (Knoefel et al., 59). 

The identification of the different dd 
rivatives of aminobenzoic acid was pei 
formed either by paper electrophoresi 
(Smith, 58) or by paper chromatographi 
(Smith, °58; Shirai and Ohkuba, °54° 
Table 1 summarizes the results with t 
aminobenzoic acid isomers and their cor 
jugates by these two methods. 

Quantitative separation of the aminc 
benzoic acids and their conjugates wa 
accomplished by the partition fraction 
tion method as modified by Knoefel, Hu 
ang and Despopoulos (’59). With th: 
procedure the p-aminobenzoylornithi 
and the aminobenzoylglucuronide wer 
separated from the corresponding isomé 
of aminobenzoic acid. They were retaine 
in the aqueous portion. It was found als 
that the acetylated PAH possessed t 
same property as PAH, staying in the aqui 


Paper chromatography! 
Rf value ar 


¥ 


Ca el 
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TABLE 2 


A schematic outline of the separation of the aminobenzoic acid and its conjugated 
products by partition fractionation technique 


Samples (Urine or TCA filtrate ) 


ee oe 


Fractionation by ether and benzene (with equal vol. of 


NaHSO.-NaH>PO, buffer ) 


Hydrolyzed with 1 N NaOH 
first, then neutralized, then 
fractionated 


ae 


Non-hydrolyzed Hydrolyzed 
c. 2 N HCl 
Non-hydrol. 
A B Cc 
tr J 
(non-acetyl- (The total (non-acetyl 
; free and con- acetyl and conjugates ) 
jugated ) non-acetyl- 
com- 
pounds ) 


the conjugates and the acetylates as follows: 


A — C= free non-acetylated aminobenzoate. 
B — D = free acetylated aminobenzoate. 
C — F=non-acetylated glucuronide. 


s portion after extraction. Because 
ere were no m or o-aminobenzoylornith- 
ie, acetylated aminobenzoylornithine de- 
vatives or acetylated glucuronides avail- 
ple for standardization, it was assumed 
at their properties were the same as the 
rresponding glycinate or glucuronide 
mpounds (Knoefel et al., 59). Table 2 
ts a schematic outline of the separation 
d quantitative analysis as described 
ve which may aid in understanding the 
edure. 
RESULTS 


In vivo experiments. Ornithine conju- 
ation was found to occur with all three 
mers, being most abundant with the 
a and least with the ortho isomer. Glu- 


(D—C)—(E-F)= acetylated glucuronide. 
—E — F = acetylated ornithinate and/or glycinate. 
F = non-acetylated orinthinate and/or glycinate. 


Hydrol. Hydrol. 


>| 4) 


(acetyl- and (acetyl and 


Non-hydrol. 


| 


(non-acetyl 


non-acetyl- non-acetyl ornithinate 

conjugates ) ornithinate and/or 
and/or glycinate) 
glycinate) 


From the values obtained by the fractionation method we can calculate the quantity of 


A =total non-acetylated aminobenzoate and the conjugates. 
B—A-=total acetylated aminobenzoate and acetylated conjugates. 


curonide conjugation was the reverse, oc- 
curring to the greatest extent with the 
ortho and none being detected with the 
para isomer. Acetylation was observed 
with all three isomers, being greatest with 
the meta. Total conjugation occurred to 
the fullest extent with the meta isomer 
and least with the ortho. No glycine con- 
jugate could be detected in the excreta 
with any of the isomers. The results ob- 
served from three chickens are summarized 
in table 3. 

In vitro experiments. Table 4 presents 
the data observed on the conjugation of 
the aminobenzoic acid isomers by chicken 
kidney slices. It can be seen that the 
slices were capable of forming the ornith- 
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TABLE 3 
Conjugation in the adult chicken 


Percentage of the administered aminobenzoatet If 
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Isomer Acetylated ! 
ithi i Total 
Ornithinate Glucuronide ices ra ota | 
a 1] 
o- 2.0 4.7 3.8 (0) 10.5 | 
™m- 1251 3.6 9.0 1.6 26.3 | 
p- 16.0 (0) (@) 4.3 20.3 


1 Aminobenzoic acid was administered in a dose of 0.5 mM/kg in a total 4-hour period. 1 
Data were based on the determination of the total urine samples. There was no conjugate | 
! 


found in the plasma. 


2 AAB — Acetamidobenzoic acid; AAO = Acetamidobenzoylornithine. 


TABLE 4 
Conjugation by chicken kidney slices 


Isomer Ornithinate Acetylated 
uM/gm tissue /hr. 
o- 0.24 0.80 
m- 0.38 0.80 
p- 0.48 (0) 


ine conjugate of all three isomers with 
either ornithine or arginine as substrate. 
However, only traces of glucuronide were 
present. Acetylation was found with the 
ortho and meta isomers. 

Embryonic studies. Preliminary exper- 
iments revealed that the conjugate prod- 
ucts of the aminobenzoates were restricted 
almost entirely to the allantoic fluid. Only 
minute amounts could be detected in the 


ortho meta 


60 
50 
40 
30 


20 


% OF TOTAL EXCRETED 


20 0 


DAYS OF 


embryo, with traces to none being presen| 
in the albumen or yolk. | 

With the present analytical techniqu« 
by paper electrophoresis and paper chro} 
matography there was no glycine conju 
gate found in the allantoic fluid and chicl 
embryo. However, ornithine conjugation 
was detected first upon the sixth day o 
incubation. At first the ornithinate madi 
up only a small portion of the total e 
creted aminobenzoate, but as developme 
continued the relative amount of ornithin: 
conjugation increased also. 

Significant amounts of the glucuronid 
were found only with the ortho isome 
This conjugation was first observed on thi 
sixth day of incubation. Early in develo 
ment it was more abundant than the o 
nithinate, but the relationship was r 


para 


10 te) 


INCUBATION 


Fig. 1 The ordinate is labeled “% of total excreted” and denotes the part of the total — 
excretion of aminobenzoates represented by each conjugate form. The abscissa represents 
the embryo’s stage of development in days. Abbreviations: orni., ornithinate; glu., glucuron- — 
ide; Ac. AB, acetylated aminobenzoate; Ac. Orni., acetylated ornithinate: and. Ac. Glu 
acetylated glucuronide. = : ; 4 
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Ortho —> 31 
a 
5 2 I5 x 
ornithine glucuronide IS 
é acetyl- 
eenigadie yl-glucur, 


co) fe) IS 


meta— 
orni, Conjugate 


4M/ Gm. DRY WEIGHT OF EMBRYO 


10 
| 5 
| 0 
| 5 
| para — 
. IS orni, conjugate © Ac,AB 2 Ac.Orni. 
| 
| 10 10 
| ° 


6) 
20 5 


5 10 15 
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O 
5 20 5 10 15 


INCUBATION 


Fig. 2 The ordinate denotes the activity of the embryonic tissue in synthesizing the con- 
jugates. This is expressed in the uM per gram dry weight of the embryo. The dry weights 
are averages and were derived from Needham’s “The Energy Sources in Ontogenesis” (1926). 
The abscissa represents the embryo’s stage of development in days. Above each graph is 
indicated the conjugated product which it represents. 


rsed after the fifteenth day of incuba- 


mn. 

Acetylation was found to occur by the 
ird day with the meta isomer and con- 
ued throughout development in com- 
atively large quantities. Acetylated 
rms of the ortho isomer could be found 
iom the 6th to 15th days of incubation. 
ith the para isomer, acetylation occurred 
the least extent and for the shortest 
riod, being present only from the 10th 
17th days. 

Figure 1 summarizes the data studied 
_ the conjugation in relation with the 
ate of incubation in the chick embryo. 


The embryo is constantly changing in 
structure and mass as development pro- 
ceeds. Therefore, in order to compare the 
rate of synthesis of each conjugate on a 
day to day basis, it appeared appropriate 
to determine the synthesis per gram of 
embryo per 24 hours. Because a relative 
“drying up” (decrease in the state of hy- 
dration) occurs during the latter stages 
of development, it seemed more accurate 
to use dry rather than wet weights for 
comparison. Such an analysis revealed 
that the quantity of the conjugate formed 
per gram dry weight of the embryo was 
greatest in the earlier days and declined 
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as the embryo neared full development. 
As shown in figure 2, with most of the 
conjugates of the three isomers, this de- 
cline began the day after that conjugate 
first appeared. 


DISCUSSION 


In both the chicken and chick embryo, 
the ortho isomer produced the greatest 
glucuronide conjugation, although the rel- 
ative significance of glucuronide conjuga- 
tion in the chick embryo was less than 
that in the adult chicken. Also, while a 
significant amount of meta glucuronide 
conjugation occurred in the adult chicken, 
only traces were found in the embryo. 
This relative limitation of glucuronide con- 
jugation in the embryo as compared to the 
adult may be due to “immaturity” of those 
tissues carrying out this biosynthesis. 
Since only traces of glucuronide were de- 
tected in the kidney slice experiment, it is 
probable that most glucuronide conjuga- 
tion occurs in an extra-renal site, such as 
the liver and intestine (Shirai and Ohkuba, 
54). Since physiological jaundice of the 
newborn is considered by many to be due 
to insufficient formation of the glucuro- 
nide conjugation of bilirubin as a result 
of liver immaturity, one wonders if a com- 
parison is possible in the two situations. 
However, an alternative explanation may 
also be possible, namely, that the values 
obtained in our experiments were the re- 
sult of synthesis as well as possible break- 
down of the conjugated products formed 
during the 24-hour incubation period in 
the chick embryo. 

The results on lack of glucuronide con- 
jugation with the para isomer in the hen 
confirms the findings of Sperber (48). 

The ornithine conjugation of all three 
isomers was first detected on the 6th day, 
approximately the time that circulation be- 
gins in the mesonephric glomeruli (Pat- 
ten, 51). The kidney slice experiments 
also suggest that this organ is an important 
site for ornithine conjugation. The func- 
tioning ability of the chick mesonephros by 
the 6th day has been proven by tubular 
transport of phenol red (Chambers et al., 
°33) and less elegantly by hydronephrosis 
formation after ligation of the Wolffian 
ducts (Fiske and Boyden, ’26). 
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It is of more than passing interest 1) 
note that uric acid production in the chid 
embryo is not begun until the 5th day q 
incubation (Needham, 742), just one déj| 
before ornithine conjugation was first dj 
tected. There seems a close relationshi 
between the uricotelic metabolism and th 
ornithine conjugation. However, as wi 
mentioned before, ammonia, and then ure 
excretion is thought to be present vey} 
early in development of chick embry4/ 
therefore it might be considered ureotel} 
in that stage. Our experiment showe| 
there was no detectable glycine conjug. 
tion at this time. Needham, Brachet an} 
Brown (’35) found that this middle perid 
(5th to 9th days) of high urea excretic) 
by the embryo was not the result of generi 
protein metabolism via the ornithine cycl! 
but rather due to action of arginase a 
arginine. Since this could not be consi 
ered as true ureotelism, it is understani 
able why glycine conjugation, if related : 
ureotelism, would not be present in th 
chick embryo during this time. 

The result revealed a decline in synthes 
per gram dry weight of the embryo throug! 
out development. Klose et al. (38) showe 
that arginine was an essential ami 
acid in the chicken, and with the formatic) 
of ornithuric acid in birds the urea excrjj 
tion increased 5 to 20-fold. This fact sul 
gests that arginine, possibly through breai 
down by arginase, may be an importa 
source of ornithine for conjugation. Ov 
kidney slice experiment showed there w: 
no difference in ornithine conjugation ¢ 
aminobenzoic acid whether the substra} 
contained ornithine or arginine. Also t 
ingestion of arginine is known to increa4| 
the formation of ornithuric acid (Crowd 
and Sherwin, 23). Now the arginag) 
activity (per gram of embryo) is seen ' 
decline from its initial appearance on t 
second day to reach its lowest levels by t 
12th day, remaining at this level throug! 
out the remainder of incubation (Nee# 
ham et al., 35). A relative decrease int 1 
arginine content of the developing chia 
embryo has also been reported by Nee} 
ham (742) as has a constantly declini 
metabolic rate during progressive stages 
development in the chick embryo. The 
fore, decreasing arginase activity, arginir/| 
levels and metabolic rates may in part a ¥ 
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1 explaining this decrease in biosynthesis 
f ornithine conjugates. However, the rea- 
ons described here in no way explain the 
imilar decreases seen with acetylation. 
ill that one can say is that either the em- 
ryo seems to grow faster than does the 
nechanisms by which acetyl-forms are 
roduced, or there is a rapid increase in 
he deacetylation process which exists 
imultaneously with the mechanism of 


.cetylation in the embryo. 
SUMMARY 


The metabolism of aminobenzoic acid 
somers (0, m and p) was studied in the 
thick embryo, chicken, and chicken kidney 
‘lices. It was found that ornithine conju- 
sation occurs to the greatest extent with 
he para isomer, acetylation with the meta 
ind glucuronide conjugation with the 
yrtho isomer, acetylation with the meta 
ind glucuronide conjugation with the ortho 
omer of aminobenzoic acid. Acetylation 
as detected the earliest in the embryo, 
being present from the third day of incuba- 
ion with m-aminobenzoic acid. With all 
hree isomers ornithine conjugation was 
st noted in the chick embryo on the 6th 


arliest days of development and declined 
adually throughout development. This 
ecline is interpreted as correlating with 
he decrease of arginase activity, arginine 
evels and metabolic rates in the chick em- 


ryO. 
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fhe Action of Ultrasound on the 


Veuromuscular Junctions 


SYOJI HIGASHINO 


Department of Physiology, School of Medicine, 
Gunma University, Maebashi, Japan 


'Among the various actions of ultra- 
ound on the living systems, the destruc- 
‘ve action has solely been studied (Wall, 
‘ucker, Fry and Mosberg, °53; Fry, Mos- 
erg, Barnard and Fry, 54; Ballantine, 
fueter, Nauta and Sosa, *56). Besides, 
» has not been decided whether the ac- 
(on of ultrasound originates mainly in 
ne rise of temperature or not (Herrick, 
52; Welkowitz and Fry, 57). In the pre- 
ious paper (Takagi, Higashino, Shibuya 
Ind Osawa, 60), it was stated that a 
timulative action is produced by ultra- 
bund of up to a certain intensity and 
iat the rise of temperature may not play 
main role among the various actions of 
Itrasound. 

' This paper is concerned with the ac- 
jons of ultrasound on the end plate po- 
bntial (e.p.p.) and the miniature end 
late potential (m.e.p.p.). The action of 
ltrasound was compared with that of 
smperature. 


METHODS 


A 1 Mc flat BaTiO; crystal (diameter, 
J mm) was used to generate a plane 
iltrasound. The relation between the 
late voltage of the oscillator used and the 
tensity of ultrasound is shown in fig- 
re 1. Sartorius muscles with sciatic 
es of toads (Bufo vulgaris japonica) 
Sere used. p-Tubocurarine in Ringer’s 
lution (5 X 10°—5 X 10*) was applied 
» block neuromuscular transmission. Ul- 
yasound was irradiated on the neuromus- 


orded from the surface of the muscle 
ith a silver wire electrode. Under the 
me conditions, the e.p.p. and m.e.p.p. 
ere intracellularly recorded with micro- 
ectrode in a single muscle fiber. The 
ration of ultrasonic irradiation was 


(Yem’) 


Ultrasonic intensity 


i) 50 100 150 200 250 300 350 400 450 
Plate voltage (V) 


Fig. 1 The relation between the plate voltage 
of the ultrasonic oscillator used in this experi- 
ment and the ultrasonic intensity. The ultra- 
sonic intensity was calculated from the plate 
voltage and the plate current of the oscillator. 


5 min. in all cases. A thermistor of injec- 
tion needle type (diameter, 1.5 mm) was 
used to measure temperature during and 
after ultrasonic irradiation. 


RESULTS 


1. The action of ultrasound on the 
e.p.p. in Ringer’s solution. After neuro- 
muscular transmission was blocked by 
p-Tubocurarine chloride (concentration, 


E.P,P. HEIGHT 


(me Be) 


ee) 


ET ee ee 
CONTR. IRRADIATION 


Fig. 2 The action of ultrasound on the e.p.p. 
in Ringer’s solution. Numbers under the base 
line indicate a series of experiments from left 
to right. 1, control. 2 to 9, the magnitudes of 
e.p.p. after ultrasonic irradiation of the follow- 
ing intensities: 0.57 w/cm? (250 v) in 2 to 7, 
0.87 w/cm? (300 v) in 8, 1.21 w/cm? (350 v) 
in 9. Muscular contraction occurred slightly 
(+) in 3 and moderately (++) in 7. Voltage 
calibration, 200 pv. 
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Fig. 3 The action of ultrasound on the e.p.p. in Ringer’s solution. 


concentration was 5x 10%. 1, control. 


Ultrasonic intensities were 0.57 w/cm? (250 v) 


SYOJI HIGASHINO 


D-Tubocurarine | 


in 2 and 3, 0.87 w/cm? (300 v) in 4, 5 and 6, 1.21 w/cm? (350 v) in 7 and 8, 1.67 
w/cm? (400 v) in 9 and 10, and 2.10 w/cm? (450 v) in 11. The magnitude of e.p.p. 
was increased rapidly by weak ultrasonic irradiation (2, 3 and 4). Since it became too 
big in 4, amplification was decreased in 5, and irradiation was resumed. The magnitude 
of e.p.p. was decreased in 6 and 7. It was not changed by irradiation with ultrasound 
of higher intensity in 8 and 9, but it was eventually decreased by irradiation with ultra- 


sound of still higher intensities in 10 and 11. 


500 uv in 5 to 11. Time, 20 msec. 


5 X 10°), the preparation was fixed in 
Ringer’s solution. When a plane ultra- 
sound was irradiated, it was found that 
the magnitude of the e.p.p. was consider- 
ably increased and sometimes up to 20 
times of the magnitude before irradiation 
(figs. 2 and 3). In such cases, neuromus- 
cular transmission and hence muscular 
contraction was recovered. In figure 2, 
after ultrasonic irradiation of 0.38 w/cm? 
(200 v) and 0.57 w/cm? (250 v), the 
e.p.p. was enlarged gradually, and finally 
was made as big as 1.88 mv which was 


Voltage calibration, 200 uv in 1 to 4, 


18.8 times of the control magnitude. M 
cular contraction began after a sin 
irradiation of 0.57 w/cm? ultrasound. T! 
magnitude of the e.p.p. became maximu 
during 5 times irradiation of 0.57 w/c: 
ultrasound. Correspondingly, muscu 
contraction became much more manif 
The e.p.p. was, however, inhibited by | 
radiation with ultrasound of 0.87 w/c 
(300 v) and 1.21 w/cm? (350 v). Si 

the above experiment is concerned wi 
the sum of ultrasonic actions on ma 
muscle fibers, ultrasonic action on a sin 
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Fig. 4 The action of ultrasound on the e.p.p. 
scorded by microelectrode in Ringer’s solution. 
-Tubocurarine concentration: 2.5 x 10°. 1, con- 
‘ol. Ultrasonic intensities were 0.57 w/cm? in 
| and 3, 0.87 w/cm? in 4. The magnitude of 
.p.p. was increased in 2 and 3, but decreased 
4 4. Voltage calibration, 500 uv. Time, 20 msec. 


nuscle fiber was examined by microelec- 
rode (fig. 4). The same results were 
sbtained. 

12. The action of ultrasound on the 
.p.p. in D-Tubocurarine-Ringer’s solution. 
,s described before, it was found that 
.p.p. recovered quickly by ultrasonic ir- 
fadiation in Ringer’s solution. Now, if 
-Tubocurarine which is enough to block 
leuromuscular transmission is added to 
inger’s solution, will e.p.p. be enlarged 
inhibited by ultrasonic irradiation? Af- 
or the preparation was immersed in D- 
ubocurarine-Ringer’s solution for 100 
1in., ultrasonic irradiation was applied. 
'y an initial irradiation, the e.p.p. was 
Itrikingly depressed. But then it was re- 
overed during repetitive irradiation, 
hough not so distinct as in normal Ring- 
*s solution. The e.p.p. was eventually 
ibited by repetitive irradiation espe- 
jially with high intensity ultrasound (fig. 
). However, when p-Tubocurarine was 
moved from Ringer’s solution during 
e repetitive irradiation, the recovery of 
.p.p. became much more striking, and 
metimes entirely the same results as in 
aragraph 1 was obtained (figs. 6A and 
B). 
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Fig. 5 The action of ultrasound on e.p.p. in 
p-Tubocurarine-Ringer’s solution. A: 1 to 3,con- 
trol. 4 to 10, changes of the magnitudes of e.p.p. 
after ultrasonic irradiation. Ultrasonic intensi- 
ties were respectively 0.02 w/cm? (50 v) in 4, 
0.09 w/cm? (100 v) in 5, 0.21 w/cm? (150 v) 
in 6, 0.38 w/cm? (200 v) in 7, 0.57 w/cm? (250 
v) in 8, 0.87 w/cm? (300 v) in 9 and 1.21 w/ 
cm? (350 v) in 10. The preparation was im- 
mersed in p-Tubocurarine-Ringer’s solution for 
70 min. in 1, for 80 min. in 2 and 100 min. in 3. 
It is observed that the magnitude of e.p.p. was 
slightly recovered in 5, 6 and 7, but eventually 
it was decreased in 8, 9 and 10. 


B: Same results as above. 1 and 2, control. 
Ultrasonic intensities were 0.57 w/cm? (250 v) 
in 3, 0.87 w/cm? (300 v) in 4, 1.21 w/cm? 
(350 v) in 5 and 1.67 w/cm?2 (400 v) in 6. 
The e.p.p. was enlarged in 3, 4 and 5, but was 
decreased in 6. Voltage calibration for A and 


B, 200 pv. 


3. Comparison of the recovery of e.p.p. 
in Ringer’s solution with that by ultra- 
sonic irradiation. It is known that e.p.p. 
recovers gradually even in Ringer’s solu- 
tion. After neuromuscular transmission 
was blocked in p-Tubocurarine-Ringer’s 
solution, the preparation was immersed 
in Ringer’s solution. The e.p.p. recovered 
gradually, but when ultrasound was ir- 
radiated, it was rapidly enlarged (Heo oe 
By comparison it was clarified that ultra- 
sound has much more powerful recovery 
or augmentative action on €.p.p. than 


Ringer’s solution. 
4. The action of ultrasound on the 


miniature end plate potential. The mini- 
ature end plate potential was recorded by 
microelectrode. After ultrasonic irradia- 
tion, the frequency of m.e.p.p. was strik- 
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Se 


Fig. 6A The action of ultrasound on e.p.p. 
The v-Tubocurarine-Ringer’s solution was re- 
placed by normal Ringer’s solution during repeti- 
tive irradiation in A, 3 and B, 3. p-Tubocurarine 
concentration, 510%. 1, control. Ultrasonic 
intensities were 0.57 w/cm? (250 v) in Pe ee 
and 4, 0.87 w/cm? (300 v) in 5 and 6, 1.21 
w/cm? (350 v) in 7 and 1.67 w/cm?2 (400 v) 
in 8. Voltage calibration, 100 uv. Time, 10 msec. 
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Fig. 6B A diagram of the above results. 
When ultrasound (0.57 w/cm?) was irradiated 
in pD-Tubocurarine-Ringer’s solution in 2, the 
€.p.p. was depressed. But after the preparation 
was immersed in Ringer’s solution, the €.p.p. 
was rapidly recovered by repetitive irradiation 
(3, 4, 5 and 6), though it was inhibited in the 
end (7 and 8). Voltage calibration, 100 kv. 


}—IN >-TUBOC.—}—IN RINGER} | 


E.P.P. HEIGHT 


20 30 40 50 60 70 80 90 100 MIN 
IRRADIATION 

1 2.35465 | 

Fig. 7 Comparison of recovery of e.p.p. i 
Ringer’s solution with that by ultrasonic irradid 
tion. The preparation was at first immerse} 
in pD-Tubocurarine-Ringer’s solution for 45 miri| 
and then it was immersed in Ringer’s solutioj) 
for 25 min. It is shown that the e.p.p. was dd} 
pressed by pb-Tubocurarine, but was gradualll} 
recovered in Ringer’s solution. Next, ultrasounjj 
was irradiated for 5 min. at the intensities «| 
0.57 w/cm? (250 v) in 1 and 2, of 0.87 w/cm 
(300 v) in 3, of 1.21 w/cm? (350 v) in 4 an} 
of 1.67 w/cm?2 (400 v) in 5 as shown by || 
horizontal thin line on the right below. Thi 
e.p.p. was rapidly recovered in 1 and 2 but the} 
depressed in 3, 4 and 5. It is noted that rq 
covery by ultrasonic irradiation was far mori 
than spontaneous recovery in Ringer’s solutior} 
The numbers under a base line shows time afte} 
the experiment was begun. Voltage calibratiori 
500 pv. 


ingly increased, and a burst of m.e.p.4 
appeared. But by repetitive irradiation op 
strong ultrasound, the m.e.p.p. was in 
hibited (fig. 8). It may be supposed thai 
the liberation of acetylcholine was in 
creased by weak ultrasound, but inhibited 
by repetitive or strong ultrasonic irradia} 
tion. 

5. The effect of temperature on e.p.p\ 
It has been presumed that at least | 
part of the ultrasonic actions on the li 
ing things originates in the rise of te 
perature. The temperature inside a fro# 
muscle was measured during ultrasoni¢ 
irradiation (fig. 9). It was found that i 
rose slowly with time, and it did by ne 
6.5°C after 5 min. irradiation of 0.51 
w/cm’® ultrasound. Then, the effect o: 
temperature on the magnitude of ep. 
was studied (fig. 10). The temperature 0: 
Ringer’s solution was raised stepwise by 
5°C from 15°C to 40°C. After the prep 
ration was immersed in the solution o: 


rise of temperature up to 30°C or 35°C 
beyond which it was depressed. Qi 0 
the e.p.p. was found to be about 1.3. 
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; Fig. 8 The action of ultrasound on the m.e.p.p. A, control. B, after irradiation with 


\ 
; 
ultrasound of 0.57 w/cm? (250 v). 
» calibration, 1 mv. Time, 1 sec. 
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Fig. 9 The rise of temperature in a frog mus- 
by ultrasonic irradiation of various intensi- 


DISCUSSION 


In the light of acetylcholine hypothesis, 
is conceived that weak ultrasound may 
ve the following actions on the e.p.p.: 
) Ultrasonic vibration may release the 
nnection of p-Tubocurarine with the end 
ate (decurarization), and C2)a lira: 
und may increase the liberation of 
etylcholine from nerve endings. The 


C, after second irradiation at 0.57 w/cm?. 


Voltage 


augmentative action of weak ultrasound 
may originate from either of both of these 
actions. 

It was seen that in pb-Tubocurarine- 
Ringer’s solution the e.p.p. was decreased 
by an initial irradiation, but thereafter 
the e.p.p. was enlarged gradually by the 
following irradiation (fig. 5). This result 
may be due to the competition between 
the inhibitory action of p-Tubocurarine 
and the above mentioned augmentative 
actions of ultrasound. 

The e.p.p. was enlarged by the rise of 
temperature, the Qu being about 1.3. How- 
ever, it was enlarged much more strik- 
ingly by ultrasonic irradiation than would 
be expected from the above Qu. It was 
therefore presumed that the augmentation 
of e.p.p. was produced not merely by the 
rise of temperature. Fatt and Katz (752) 
showed that Qi of the frequency of 
m.e.p.p. is about 3. The rise of tempera- 
ture due to 5 min. irradiation of weak 
ultrasound (0.57 w/cm’, 250 v) which 
had an augmentative action was found 
to be about 6.5°C. The increase of the 


siti eet ee 
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een a 


15 20 25 30 35 40°C 


Fig. 10A The effect of temperature on the 
e.p.p. Temperature was 15.6°C in 1, 20.7°C in 
O50 Crile, e200 Caine4 sand.) 35.0, Caine: 
Voltage calibration, 100 wv. Time, 20 msec. 

Fig. 10B The changes of the magnitudes of 
the e.p.p. in three experiments. Voltage calibra- 
tion, 100 pv. 


frequency of m.e.p.p. due to the rise of 
6.5°C is supposed, therefore to be less 
than three times the original frequency. 
On the other hand, the increase of the 
frequency of m.e.p.p. due to irradiation 
was found to be far more than three times 
and the m.e.p.p. became a burst of dis- 
charges (fig. 8). From these facts, it was 
concluded that ultrasonic action on the 
nerve tissue is mainly produced by some 
other mechanism than the rise of tem- 
perature. ’ 


SUMMARY 


1. Using a sciatic nerve-sartorius muj 
cle preparation of a toad, the actions 
ultrasound on the neuromuscular jun} 
tion were studied. It was intended to dil 
tinguish the temperature action from th 
other actions of ultrasound. : 

2. When a curarized muscle in Ringer} 
solution was irradiated with weak ultri 
sound (0.6 to 0.9 w/cm’), the e.p.p. wg 
rapidly enlarged and muscular contractia 
was resumed. With stronger ultraserry 
(about 1.2 to 1.7 w/cm?), the e.p.p. wa} 
conversely decreased and muscular co} 
traction was also inhibited. Similar f} 
cilitatory and inhibitory actions of ultr| 
sound were observed in the e.p.p. of 
single muscle fiber by microelectrode. 

3. By ultrasonic irradiation the e.p.\| 
in Ringer’s solution with p-Tubocurarii} 
was initially decreased, but thereafter | 
was somewhat recovered by repetitive ij 
radiation, though it was eventually 
pressed. 

4. It is known that e.p.p. recovers gra 
ually its magnitude in Ringer’s solutio: 
The recovery of the magnitude of ep. 
by ultrasonic irradiation was found fi 
more than that in case the preparatic 
was left in Ringer’s solution. / 

5. The frequency of m.e.p.p. was strij 
ingly increased by irradiation with we: 
ultrasound. It was, however, decreas 
by repetitive or strong ultrasonic irradi 
tion. | 

6. The rise of muscle temperature ay 
to irradiation with weak ultrasound whi 
had an augmentative action was foun 
to be about 6.5°C. It was clarified thi 
the increases of the magnitude of e.p.l 
and of the frequency of m.e.p.p. due | 
weak ultrasonic irradiation are far bigg} 
than those of these potentials simply dt 
to the rise of temperature by 6.5°C. 

7. It was concluded that the stim 
tive action of ultrasound on the ne 
tissue is produced mainly by some othil 
mechanisms than the rise of temperatut 
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hysiological and Biochemical Adaptation of Goldfish 
9 Cold and Warm Temperatures’ 


. STANDARD AND ACTIVE OXYGEN CONSUMPTIONS OF 
-OLD- AND WARM-ACCLIMATED GOLDFISH AT 


‘ARIOUS TEMPERATURES 


MADHU S. KANUNGO!2 ann C. LADD PROSSER 
Department of Physiology, University of Illinois, Urbana, Illinois 


_ Effects of temperature of poikilotherms 
nay be different at two time periods after 
lteration of the temperature: (1) the 
ort-term effects which are manifested 
yithin minutes or hours of exposure, and 
2) the long-term effects occurring after 
ays of exposure during which various 
iompensatory adjustments take place in 
qe organism. 

| The oxygen consumption of most fish 
leclimated to high temperatures is higher 
nan that of fish acclimated to lower tem- 
ratures when measured at the tempera- 
are of acclimation (Precht et al., 55; Bul- 
ick, 55), but at a given intermediate 
mperature, the cold-acclimated fish have 
} higher oxygen consumption than the 
‘arm-acclimated fish (Fundulus, Wells, 
5; goldfish, Fry and Hart, 48). 

Fry and Hart (’48) reported that the 
tandard metabolism of goldfish, Carassius 
ratus, when measured at their tempera- 
ures of acclimation increased with the 
mperature of acclimation up to 30°C, the 
‘se being steeper at lower temperatures. 
he active metabolic rate in relation to 
mperature does not necessarily follow a 
purse parallel to the standard metabolic 
ute in fish (Fry, 57). The standard 
vetabolism of goldfish increased with ac- 
imation temperature up to 35°C, while 
ictive metabolism reached an optimum at 
5°C, and declined steeply beyond it (Fry 
ad Hart, *48). 

This paper deals with the measurements 
= various temperatures of the standard 
ad active oxygen consumptions of goldfish 
climated to 10° and 30°C; that is, short- 
rm effects of temperature alteration were 
ludied after long-term acclimation. 


2 
e: 
_ 


MATERIALS AND METHODS 


The experimental animals, Carassius 
auratus, ranged in weight from 45—70 gm. 
They were kept in biological (dechlorin- 
ated) water which was continually re- 
newed and was aerated by filtered and 
compressed air. Before each series of ex- 
periments, the fish were fed pulverized dog 
chow for one day and then were trans- 
ferred to the acclimation tanks which were 
kept dark throughout the acclimation pe- 
riod. These tanks consisted of aquaria of 
7 to 9 gallon capacity immersed in water 
at 10° and 30°C. They contained bio- 
logical water which was continually aer- 
ated. The fish were fed once for 4 to 6 
hours in their tanks after 4 to 5 days of 
acclimation. They were used for experi- 
mentation after 10 to 12 days of acclima- 
tion. Since all measurements were made 
on fish which had been starved for about 
one week and since starving animals 
metabolize more at 30°C than at 10°C, a 
control experiment was performed to make 
certain that the effects of acclimation were 
due to temperature rather than starvation. 

Two groups of fish were cross-acclim- 
ated, that is, after an initial 7 day period 
of acclimation the fish from water at 10°C 
were transferred to water at 30°C and the 
fish from water at 30°C were placed in 
water at 10°C for 7 days before they were 
used for experimentation. It was found 
that the fish acclimated in this manner did 
not differ in their rate of metabolism from 


1 Present address: Department of Zoology, Ra- 
venshaw College, Cuttack, India. 

2 Gratitude is expressed to the Education De- 
partment, Government of Orissa, India for grant- 
ing study leave for higher studies in U. S. A. 
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the fish acclimated by the direct method, 
hence the latter method of acclimation was 
followed in the subsequent experiments. 

The standard and active oxygen con- 
sumptions for each fish were measured at 
10° 15° 2026252 e302 candsa2.C. The 
standard metabolism for each fish was 
measured first for a period of 10 minutes 
by keeping it in a jar containing 1.1 1 of 
biological water. Any disturbance to the 
fish during experimentation was avoided 
by using dark-painted jars and by keeping 
them in a dimly lighted room. The initial 
oxygen content of the water was between 
3.5 and 5.0 ml O:/1 of water. 

The active metabolism was measured 
for a period of 30 minutes following the 
measurement of the standard metabolism. 
Each fish was placed in a transparent, 
plastic, doughnut-shaped chamber (modi- 
fied after Fry and Hart, *48) containing 
11.0 1 of aerated biological water. The 
total diameter of the chamber is 35 cm and 
the bore of the tube 12 cm. The chamber 
has two outlets; a narrow outlet at the 
lateral side of the chamber for taking the 
initial and final samples of water and a 
vertical outlet through a tube, 9.5 cm in 
diameter, for transferring the fish into and 
out of the chamber. After the fish was in- 
troduced into the chamber, the outlet was 
sealed off by placing a 4.0 cm layer of par- 
affin oil on the column of water in the 
vertical outlet. The chamber was then 
mounted on a turntable and rotated. After 
two minutes the turntable was stopped and 
initial samples of water were taken. The 
turntable was rotated at 12—25 revolutions 
per minute. The maximum speed was so 
adjusted by a variac transformer that the 
fish remained steadily at one place. This 
was taken as the maximum activity of the 
animal. The chamber was enclosed by a 
card-board shield, painted black to avoid 
disturbance to the fish. A light was fo- 
cussed into the chamber through a hole in 
the card-board shield to keep the fish fixed 
at one spot. The fish were trained to swim 
in the chamber prior to the day of experi- 
mentation. Final samples of water were 
taken after a 30-minute period. 

To avoid any thermal shock, the fish 
from one temperature of acclimation were 
never transferred directly to water at an- 


other temperature at which its oxygen con- 


sumption was to be measured. The fig 
from the acclimation aquaria were 1 
moved to buckets of aerated biologic) 
water the temperature of which was gradi 
ally raised or lowered depending on tli 
experimental temperature. The fish a) 
climated at 30°C were brought to water | 
10°C through a period of three to 4 hou 
if the measurements were to be made | 
10°C. The fish acclimated at 10°C wej 
treated likewise if the measurements wel 
to made at 30°C. | 

For the measurement of the oxygen Co} 
tent of the water, two initial and two fin 


samples were taken in 140-ml bottles. T] 
chemical analysis of oxygen was made | 
the modified Winkler method. Duplicaj 
titrations agreed between 1.0% or less. | 


j 
| 


RESULTS 


The standard and active oxygen col 
sumptions of fish acclimated at 10° ay 
30°C and measured at 10°, 15°, 20>sg25 
30°, and 32°C are given in table 1. T. 
results are expressed as ml O2/100 g w 
weight after correction for size accordiii 
to the formula (Fry, ’47): 
log Oxc100g) — log Oxctotary = 0.7 Clog 100 — log wt 


Figure 1 is semilogarthmic representati: 
of the same data. The levels of signi 
cance were tested by Mann-Whitney U td) 
(Siegel, 56). 

Significant differences (5% level) in i 
standard and active oxygen consumptio 
between the two groups of fish were se} 
at each temperature. The temperature f 
the maximum oxygen consumption 
the same for both the standard and act 
oxygen consumptions. For the fish accli 
ated at 10°C the maximum was at 25 
and for the fish acclimated at 30°C t 
maximum was at 30°C. 

The curves for both the standard a 


i" 
i 


of fish are similar (fig. 1). A marki 
translation of the rate-temperature (R/ | 
curves to the left is seen in cold-accl 
tion. A slight clockwise rotation of t 
curves at higher temperatures is seen 1 
the cold-acclimated fish. 

The Q:io measurements are given in tal 
2 for 10°-20°C and 20°—30°C ranges | 
both the standard and active oxygen cd 
sumptions of each group of fish. 


METABOLIC ADAPTATION TO TEMPERATURE 


261 


TABLE 1 
Standard and activity metabolism (averages) of goldfish acclimated to 10° and 30°C 


Adaptation temperatures 


10°C 30°C 
No. of Temp. of ml 02/100 9 
animals measurement Eeenee cme ahesate Oo cee - (M 2 WwW) 
3 10°C 3.02 S! 3 1.78S 0.05 
5.28 A? 2.50A 
5 15°C 6.59 S 3 3.42 S 0.018 
944A 5.54 A 
3 20°C 8.7 S 3 6.948 0.01 
11.29A 9.76A 
3 PESTO US ST 2 7.86S 0.05 
19.33 A 12.2 A 
5 30°C 12:55 4 13.06S 0.008 
14.2 A 18.78 A 
3 Se 9.48S 3 11.22S 0.05 
12. 2A: 14.63 A 
1S, standard metabolism. 
2 A, activity metabolism. 
TABLE 2 


Cs o= Standard, /0° 
Ca e= Active, /0° 
Ws A= Standard, 30° 
Wa a= Active, 30° 


ie} So 10° [5° 20° 25° 30° 
TEMPERATURE OF MEASUREMENT- °C, 


Fig. 1 Oxygen consumption of fish acclimated 
/10° and 30°C. 


The fish acclimated at 30°C were found 
be more active in their acclimation tanks 
an the fish acclimated at 10°C. During 
e measurement of the active metabolism 
the warm-acclimated fish at 10°C and 
the cold-acclimated fish at 30°C, it was 
icult to make the fish swim against the 
ent in the activity chamber. Only 
ial success was achieved at speeds as 
as 6 revolutions per minute. 


ac DISCUSSION 


The main purpose of this study has been 
find the response of the oxygen con- 


Liber =. 


Qio measurements for standard and active oxygen 
consumptions of fish acclimated to 
10° and 30°C 


Been Type of Q10 
acclimation ™easurement 49°_99°C 20°-30°C 
10°C Standard 2.88 1.43 
Active 2.13 1.25 
30°C Standard 3.8 1.88 
Active 3.9 1.92 


sumption of the intact goldfish not only 
at the temperature of acclimation, but also 
at higher or lower temperatures. Fry and 
his colleagues (see Fry, 57 for earlier 
papers) and Precht and his co-workers 
(see Precht, 58 for earlier references) ac- 
climated groups of fish at various tempera- 
tures and measured the oxygen consump- 
tion of each group at its temperature of 
acclimation. From an ecological point 
of view their experiments show how ac- 
climation to one temperature influences the 
metabolic rates at that temperature. A 
physiological approach to the problem of 
temperature stress is to study what hap- 
pens to the organism as a whole and to the 
activity of its tissues and cells when it is 
exposed to temperatures other than its 
temperature of acclimation. 

Our results show that both the standard 
and active oxygen consumptions are lower 
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for the cold-acclimated fish than for the 
warm-acclimated fish when measured at 
their temperatures of acclimation respec- 
tively. The oxygen consumption of the 
warm-acclimated fish measured at 30°C is 
4.35-fold (435% ) greater for the standard 
and 3.59-fold (359% ) greater for the ac- 
tive oxygen consumption than those of 
cold-acclimated fish measured at 10°C. 
This indicates a higher rate of substrate 
oxidation at a higher temperature than at 
a lower temperature of acclimation. How- 
ever, at an intermediate temperature 
(20°C), the standard and active oxygen 
consumptions of cold-acclimated fish were 
26% and 10% greater than those of warm- 
acclimated fish respectively. This is in 
agreement with the observations of Fry 
and Hart (748). 

It is interesting to note from figure 1 
that the maximum rate of standard and 
active oxygen consumption in cold-accli- 
mated fish is not attained at its tempera- 
ture of acclimation. This is not due to the 
unavailability of oxygen, since the water 
in which they were acclimated was contin- 
ually aerated. Nor is it due to the unavail- 
ability of food since the intestines were 
seen to contain food when the animals 
were dissected after the acclimation pe- 
riod. It is, however, likely that, since the 
body temperature is virtually the same as 
the acclimation temperature (10°C), the 
enzymes responsible for the oxygen con- 
sumption are not able to function opti- 
mally at this temperature. If the over-all 
metabolism is decreased at a lower tem- 
perature, then the fish at a lower tempera- 
ture will be less active than the fish at a 
higher temperature. The cold-acclimated 
fish were much less active than the warm- 
acclimated fish. 

Figure 1 shows that the maximum rate 
for both the standard and active oxygen 
consumption is reached at 25°C for the 
cold-acclimated and at 30°C for the warm- 
acclimated fish. This is not in agreement 
with Fry and Hart (48) who found the 
standard metabolism to increase up to 
35°C whereas the active metabolism in- 
creased up to 25°C and then declined when 
the measurements were made at the tem- 
peratures of acclimation. Thus the R/T 
curves obtained from measurements made 
at temperatures of acclimation are differ- 


ent from those measured acutely where tl 
R/T curves for the standard and actii 
metabolism are nearly parallel betwed 
10° and 20°C. Further, the maximuj 
difference between the standard and acti} 
metabolism is seen at 25°C for the col) 
acclimated and at 30°C for the warm-a 
climated fish. This difference gives tl] 
scope for activity (Fry and Hart, 48) aw 
is 5.63 ml O./100 gm/hr. for the cold-g 
climated and 5.72 ml 02/100 gm/hr. f 
the warm-acclimated fish. Thus the may 
mum scope for activity in the cold-acc} 
mated goldfish at 25°C is the same as f} 
the warm-acclimated goldfish at 30°) 
Therefore, acclimation to cold lowers t| 
temperature for the maximum stand 
and active metabolism and also the te: 
perature for the maximum scope for act} 
ity of the fish. Fry and Hart (748) fous 
that the maximum scope for activity | 
goldfish was at 25°C when they maj 
measurements at the temperature of acq 
mation. 
An analysis of the R/T curves in figuj 
1 and of the data in table 2 shows that t 
slopes for both the standard and acti 
metabolisms of either cold- or warm-acd 
mated fish are approximately the sani 
This indicates that probably the same pai 
way for metabolism is used for both 
standard and active metabolism. Howevij 
the slopes for both standard and actil 
metabolism of cold-acclimated fish 
lower than those of warm-acclimated 
in the temperature ranges 10°—20°C aj 
20°—30°C. Further, table 2 shows that t 
Qo values for both the standard and acti 
metabolism of the warm-acclimated 


| 


a 
c 
Ci 


Ty) 


mated fish in the temperature ranges 10 
20°C and 20°—30°C. There is an inters| 
tion of the R/T curves of the cold- aj 
warm-acclimated fish at 26°C and 28 
for the standard and active oxygen ct 
sumptions respectively. Thus, a rotati 
of the R/T curves to the left (count 
clockwise) on warm-acclimation and-to 1 
right on cold-acclimation occurs in gc 
fish in the temperature range 2.0°-30 | 
Figure 1 also shows a marked translat} 
of the R/T curves to the left for both : 
standard and active oxygen consumptic 
of goldfish on acclimation to cold tempe 
ture indicating increased metabolism. 


ne © a 
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probable that part of the acclimation 
sists of changes in external respiration, 
| circulation and oxygen transport. 
ese might be critical for active metabo- 
1. However, the similarity of Qws for 
ndard and active metabolism and the 
ferences to be reported for isolated tis- 
2s show the predominant effect to be at 
> cellular level. 

From the above analysis of the Qi 
lues for the standard and active metabo- 
ms of the cold- and warm-acclimated 
h, it may be concluded that the type of 
climation of goldfish to temperature 
rees with the pattern IVa of Prosser 
8). It is evident that Qi. decreased at 
ther temperatures more in the cold-ac- 
mated than in the warm-acclimated fish. 
ich a change in the Qi may indicate that 
change in the pathway for substrate oxi- 
tion has occurred in the goldfish since 
ferent enzymatic pathways may have 
ferent Qi. values. Or, it may also be due 
a change in the activation energy, u, 
an enzyme. This might result from an 
teration of the enzyme with respect to the 
nfiguration or complex formation with 
co-factor or a substrate. Partial inactiva- 
m of the enzyme or differential activity 
inhibitors may cause a change in Qi as 
ay also the substrate or product concen- 
ation of an enzymatic reaction. Further, 
e translation of the R/T curves may be 
ie to changes in the concentration of the 
zyme or the medium in which enzymes 
sponsible for metabolism are active. 


CONCLUSIONS 


1. Effects of various temperatures on 
e oxygen consumption of goldfish accli- 
ated at 10° and 30°C were studied in in- 
ct fish. 

2. Measurements of the standard and 
tive oxygen consumptions of both groups 
Mish were made at 10°, 15°, 20°, 25°, 
)° and 32°C. The maxima for both the 
andard and active oxygen consumptions 
id the maximum scope for activity of the 
Id-acclimated fish were at 25°C and of 
e warm-acclimated fish were at 30°C. 


Thus, acclimation to cold shifted the tem- 
perature for the maximum standard and 
active oxygen consumption to lower tem- 
perature. 

3. A translation of the R/T (rate/tem- 
perature) curves to the left on cold-accli- 
mation and to the right on warm-acclima- 
tion was seen for both the standard and 
active oxygen consumption. The R/T 
curves for both the standard and active 
oxygen consumption of each group of fish 
were parallel. Therefore, it is suggested 
that the pathway of metabolism for the 
standard and active oxygen consumptions 
is the same. 

4. Intersection of the R/T curves for the 
standard oxygen consumption of both 
groups of fish occurred at 26°C and for the 
active oxygen consumption at 28°C. 

5. The Qw values for the cold-acclimated 
fish were lower than for the warm-accli- 
mated fish at higher temperature. 

6. It is suggested that acclimation of 
goldfish to temperature occurs according to 
pattern IV, of Prosser (58). 


LITERATURE CITED 


Bullock, T. H. 1955 Compensation for temper- 
ature in the metabolism and activity of poikilo- 
therms. Biol. Rev., 30: 311-342. 

Fry, F. E. J. 1947 Effects of environment on 
animal activity. Univ. Toronto. Studies. Biol. 
Ser. No. 55. Publ. Ontario Fisheries Research 
Lab., 55: 1-68. 

1957 The aquatic respiration of fish. 
In: The Physiology of Fishes. I. M. E. Brown, 
ed. New York, Academic Press. 

Fry, F. E. J., and J. S. Hart 1948 The relation 
of temperature to oxygen consumption in the 
goldfish. Biol. Bull., 94: 66-77. 

Precht, H. 1958 Concepts of the temperature 
adaptation of unchanging reaction systems of 
cold-blooded animals. In: Physiological Adap- 
tation. C. L. Prosser. ed. Am. Physiol. Soc., 
Washington, pp. 339-369. 

Precht, H., J. Christophersen and H. Hensel 1955 
Temperatur und Leben. Springer, Berlin. 

Prosser, C. L. 1958 Physiological Adaptation. 
Am. Physiol. Soc., Washington, pp. 167-180. 

Siegel, S. 1956 Nonparametric Statistics for 
Behavioral Sciences. McGraw-Hill, New York. 

Wells, N. A. 1935 Variation in the respiratory 
metabolism of the Pacific Killfish, Fundulus 
parvipinnis, due to size, season, and continued 
constant temperature. Physiol. Zool., 8: 318— 
336. 


Ahysiological and Biochemical Adaptation of Goldfish 
o Cold and Warm Temperatures’ 


I. OXYGEN CONSUMPTION OF LIVER HOMOGENATE, 
IXYGEN CONSUMPTION AND OXIDATIVE 


-=HOSPHORYLATION OF LIVER 
MITOCHONDRIA 


MADHU S. KANUNGO®’ anp C. LADD PROSSER 
Department of Physiology, University of Illinois, Urbana, Illinois 


| In a previous paper (Kanungo and Pros- 
er, 59) it was reported that acclimation 
f goldfish, Carassius auratus, to cold and 
varm temperatures resulted in translation 
und rotation of the rate-temperature (R/ 
>) curves and Q:. changes. Also lowering 
the temperature for the maximum stand- 
|jrd and active oxygen consumption was 
bserved in the cold-acclimated fish. It was 
concluded that the acclimation of goldfish 
o temperature occurred according to pat- 
jern IV. of Prosser (’58). 

? Since the metabolic rate of an intact 
prganism is an expression of the metabo- 
ism of its various organs and their cellular 
sontents, it has been considered important 
‘o measure the metabolism of liver and 
ther tissues from animals acclimated to 
Hlifferent temperatures. 

Peiss and Field (’50) measured the oxy- 
ren consumption of minced brains and 
Sliced livers from cold (0°—1°C) adapted 
‘arctic cod (Boreogadus saida) and from 
varm (25°C) adapted golden orfe (Idus 


he warm water orfe when measured at the 
ame temperature. This difference was in 
the same direction as the metabolism of 
the intact animals. It was also observed 
that the Q. of the orfe tissues was greater 
than that of the cod tissues. Similar re- 
sults were obtained (Freeman, ’50) with 
brain breis of goldfish, Carassius auratus, 
facclimated to cold (12°C) and warm 
27°C) temperatures. 

In Carassius auratus there may be 
‘hanges in enzyme activity and possible 


changes in the pathway for metabolism of 
substrates on adaptation to various temper- 
atures (Ekberg, 58). Qo. measurements of 
gill metabolism made at various tempera- 
tures between 10° and 26°C were consist- 
ently higher for the fish acclimated at 
10°C, but Qi values were similar. No 
significant differences were noted in the 
Qo. of the slices of liver and brain of cold- 
and warm-adapted fish. The oxygen con- 
sumption of the gill homogenate of fish 
acclimated at 10°C showed 53% inhibition 
by iodoacetate (IAA), the gills of fish ac- 
climated at 30°C, 77% inhibition. IAA 
preferentially inhibits glyceraldehyde-3- 
phosphate dehydrogenase (gly-3P-dehy. ) at 
the concentration used (5.4 x 10* M). 
Hence it was suggested that in the fish 
acclimated to 30°C the citric acid cycle is 
more operative than in the fish acclimated 
to 10°C. The percentage inhibition of oxy- 
gen consumption of the gills by cyanide 
was 79 for the cold-acclimated and 58 for 
the warm-acclimated fish. Ekberg con- 
cluded that in fish adapted to 30°C there 
is a shift to a system less sensitive to 
cyanide. It is, however, possible that a 
shift from the glycolytic pathway to the 
hexosemonophosphate pathway (HMP) 
can occur if the concentration of inorganic 


1 Thesis submitted in partial fulfillment of the 
requirement for the degree of Doctor of Philoso- 
phy in the Graduate College of the University of 
Tlinois. 

2Present address: Department of Zoology, 
Ravenshaw College, Cuttack, India. 

3 Gratitude is expressed to the Education De- 
partment, Government of Orissa, India, for grant- 
ing study leave for higher studies in U. S. A. 
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phosphate (Pi) is lowered (Kravitz and 
Guarind, 58). Concentrations of P; higher 
than the physiological concentration inhi- 
bit glucose-6-phosphate dehydrogenase, 
hence the HMP. 

Precht and his co-workers have studied 
the activities of enzymes of animals at 
various adaptation temperatures. In the 
eel (Anguilla vulgaris L.) catalase activity 
of liver brei of animals adapted to 26°C 
was greater than that of animals adapted 
to 11°C, when measurements were made 
at an intermediate temperature (Precht, 
51). Also the succinodehydrogenase activ- 
ity of liver and muscle brei decreased as 
the adaptation temperature increased. The 
total respiration of the carp, Carassius 
vulgaris, increased with adaptation tem- 
perature, but the succinodehydrogenase 
activity of liver decreased with increase 
of adaptation temperature and the heat 
resistance of catalase activity was moder- 
ately independent of adaptation tempera- 
ture (Christophersen and Precht, ’52). 

Stagenberg (’55) noticed that cyto- 
chrome c of the thigh muscle of the frog, 
Rava Temporaria, decreased as the temper- 
ature of adaptation increased, but Precht 
(58) reported that the activities of suc- 
cinodehydrogenase (Thunberg technique), 
lactic acid dehydrogenase and aldolase 
(spectrophotometric method) in the ho- 
mogenates of the thigh muscle of similar 
frogs did not show significant dependence 
on the adaptation temperature. 

There is no previous report on the mito- 
chondrial metabolism of poikilotherms 
adapted to different temperatures. How- 
ever, two recent observations on mammals 
adapted to cold temperatures may be men- 
tioned here, even though the mechanisms 
of cold adaptation in mammals may be 
different from those of poikilotherms. 

The P/O ratio (uM~P; phosphorylated / 
uA (microatoms) oxygen utilized) of liver 
mitochondria from rats adapted to 2°C was 
1.26 as compared to 1.7 for rats kept at 
25°C when succinate was used as the sub- 
strate (Panagos, Beyer and Masoro, 58). 
Smith and Fairhurst (58a) observed a 
P/O of 0.68 for the liver mitochondria of 
rats adapted to 2°C and 1.50 for those of 
the rats kept at room temperature ( Zo°C) 
when (-hydroxybutyrate was used as the 
substrate. They also notice a decrease in 
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Qo.% (ul oxygen/mg N2/hour) in the cold 
adapted rats. Further, the activities oh 
transhydrogenase, adenosine triphospha 
tase, glucose-6-phosphate dehydrogenas: 
and 6-phosphogluconic dehydrogenase di# 
not show any significant change in the twi 
groups of rats. Therefore, they postulated 
that a “Calorigenic shunt” occurs prefer 
entially in the cold-adapted rats. | 

The water content of goldfish tissue; 
(muscle and liver) is reported as directt4 
proportional to the adaptation temperaturg 
(Hoar and Cottle, 52; Suhrman, 55). 

The following study reports the ate 


of adaptation to high and low temperature: 
on (1) the oxygen consumption of live: 
homogenates (2) the percentage inhibitior}| 
of oxygen consumption of liver homogenj 
ates by various metabolic inhibitors an 
(3) the oxygen consumption and oxida 
tive phosphorylation of isolated liver mitojj 
chondria. 


MATERIAL AND METHODS 


The experimental animals, Carassiud| 
auratus, were acclimated at 10° and 30°C 
as described in the previous paper (Kall 
nungo and Prosser, ’59). 


Preparation of liver homogenate for 
manometric studies 


The fish were killed by severance of the 
spinal cord from the brain and the body 
cavity was opened by a lateral and a ventra: 
incision proceeding anteriorly from th 
anus. The liver was removed from thé 
intestine and placed immediately in ice} 
cold 0.25 M sucrose buffered at pH 7.4 
with 0.001 M di-Na-ethylenediamine tetra} 
acetic acid (versene). After washing i 
the buffered sucrose, excess water wad) 
blotted off and then the tissue wai 
weighed. The livers from fish acclimated} 
to 10° or 30°C were treated thus one afte#} 
the other and regularly alternated. A voll 
ume of sucrose twice the weight of the live i 
taken was then added to each liver. Ho} 
mogenization of the liver was done by a 
ice-jacketed (O—2°C) Potter-Elvehjem ho} 
mogenizer employing a teflon pestle drive 
at 300 rpm. Homogenization was com} 


i 


pestle. One milliliter of the homogen d 
was added immediately to each of c 
Warburg flasks to which the reagents werd 
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idded prior to homogenization of the liver. 
‘he side arms contained the inhibitors and 
Il the other reagents were placed in the 
nain chambers of the vessels. The total 
olume of the reaction mixture after addi- 
ion of the homogenate was 3.0 ml. The 
enter well contained 0.2 ml of 10% KOH 
yith fluted filter paper. The vessels were 
neubated for 10 minutes in a bath main- 
ained at 20°C. The inhibitors were trans- 
erred to the main chambers of the flasks 
't zero time and readings were taken at 
‘O-minute intervals for one hour. The gas 
hase for respiration was air. The War- 
lurg apparatus used was of a refrigerated 
ype. 

A stock solution of 0.4 M amytal (5- 
thyl-5 isoamyl-barbituric acid) was pre- 
fared in ethanol and this was diluted in 
ris buffer before use. A stock solution of 
timycin (500 ug/ml) was prepared in 
thanol and stored at —5°C. It was di- 
ited in tris buffer prior to use. 

For carbon monoxide studies the experi- 
amental flasks and manometers were 
ushed with a gas mixture (95% CO + 
% O:) for 5 minutes before they were 
jlaced in the bath. The flasks and mano- 
heters were kept in the dark throughout 
1e experiment to avoid any photodissocia- 
on of the CO-complex in light. 

The final concentrations of the reagents 
hich were used for the study of the 
ffect of inhibitors on oxygen consump- 
fon by homogenates are given below. 


Final 


Reagents concentrations 


‘odium azide (NaN,) 


he stock solutions of all the reagents were 
justed to pH 7.4 either with KOH or HCl. 


Preparation of mitochondria for 
; manometric studies* 


e methods of isolation of mito- 
ndria described below were adapted 
those of Schneider and Hogeboom 
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(50) for the isolation of rat liver mito- 
chondria. Two to three grams of liver from 
each group of fish were washed and 
weighed as described above. They were 
then homogenized by 15 up and down 
strokes of the pestle in a volume of sucrose 
equivalent to 5 times the weight of the 
liver taken. The sucrose solution (0.25 M) 
used throughout the experiment was pre- 
pared in glass-redistilled water which was 
boiled to remove COs, was buffered with 
tris buffer and contained 0.001 M versene. 
All the steps for the preparation of mito- 
chondria were conducted at 0°-2°C. The 
homogenate was centrifuged at 700 g for 
10 minutes at 0°C in an International PR-1 
refrigerated centrifuge to remove the cellu- 
lar debris and nuclear material. The su- 
pernatant was pipetted out and centrifuged 
again at 14,000 g for 10 minutes to sedi- 
ment the mitochondria. The supernatant 
was removed by suction and the mito- 
chondrial pellet was suspended in a volume 
of sucrose which was twice the weight of 
the liver taken. Thus, approximately the 
same concentrations of mitochondria from 
the liver of cold- and warm-acclimated fish 
were taken for manometric studies. One 
milliliter of mitochondria represented 0.5 
gm of liver. The mitochondria thus ob- 
tained were homogenized by three up and 
down strokes of the loosely fitting pestle. 
One milliliter of mitochondrial suspension 
was added immediately to each Warburg 
flask which was kept in ice-water. All 
the reagents were added to the flasks prior 
to the isolation of mitochondria. The side 
arms contained the substrates and hexo- 
kinase; all the other reagents were placed 
in the main compartments of the vessels. 
The total volume of the reaction mixture, 
the contents of the center well, and the 
gas phase for respiration were the same as 
described for liver homogenate studies. 

Mitochondria prepared by this method 
stained with Janus Green before and after 
the oxygen consumption was measured. 
Electromicrographs of the mitochondrial 
pellets were made to insure that the mito- 
chondria used were intact. 

The stock solutions of the chemicals 
used for the manometric studies were pre- 
pared in glass-redistilled water, adjusted 


4 Gratitude is expressed to Dr. R. C. Hiltibran, 
Illinois Natural History Survey, for advice on 
fish mitochondrial preparation. 4 
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to pH 7.4 with KOH or HCl and kept in the 
refrigerator. The pH of the contents of 
each flask was measured after each experi- 
ment. If the pH was not maintained be- 
tween 7.1 and 7.5 the results of that set 
of experiments were discarded. 

The final concentrations of the chem- 
icals used for the measurement of oxygen 
consumption and oxidative phosphoryla- 
tion by mitochondria were as follows: 


Final 


Chemicals concentrations 

Moles/liter 
Sucrose (buffered ) SSO 
KH2PO4 1.6 X 10-2 
NaF OP GLOme 
MgCl, 2 Opal Ome 
Glucose 4.0 x 10-3 
Na-succinate 3051055 
or, dl-malic acid S:0)1052 
or, a-ketoglutaric acid 9.0 x 10-3 
or, dl-isocitric acid (Lactone) SO) Se Oe 
Cytochrome c 4.0 x 10-5 
Adenosine di-phosphate (ADP) 10 ><1054 
ATP 3.0 X 10-4 
Diphosphopyridine Opal Om 

nucleotide (DPN) 

Hexokinase HOR eTOs= 


The total concentration of the reaction 
mixture in each flask was 0.13 M. 


Measurement of oxidative phosphorylation 
by mitochondria 


After 15 minutes of equilibration at 20° 
C, the control flasks were removed from the 
bath at zero time and the contents of their 
side arms (hexokinase + substrate) were 
transferred to their main chambers. One 
milliliter of the contents of each control 
flask was immediately pipetted into a 25- 
ml volumetric flask containing 1 ml of 5% 
trichloroacetic acid (TCA) for the meas- 
urement of the initial concentration of P,. 
Then the contents of the side arm of the 
experimental vessels were transferred to 
their main chambers and readings were 
taken at 10-minute intervals for 30 to 60 
minutes. At the end of this period 1 ml 
from each flask was transferred into a 25- 
ml volumetric flask containing 1 ml of 5% 
TCA to measure the final amount of Pi. 

Measurements of P; were made follow- 
ing the method of Lowry and Lopex (46). 
Duplicates of each sample were taken and 
a standard curve was drawn each time 
using KH»PO,. Duplicate readings agreed 
between 0-0.5%. Ascorbic acid (1.5% ) 


was used as the reducing agent. Eighii 
minutes after the addition of ere i 
molybdate (1.5% ), optical densities wer} 
read at 700 mu in a Beckman DU spectrc 
photometer. | 

Mitochondrial protein was estimated ad, 
cording to the method of Sutherland et al 
(49) using phenol (Folin-Ciocalteau) rea 
gent. Crystalline bovine serum albumiy 
was used as the standard. Diluted mitd 
chondrial suspensions were incubated witl} 
alkaline copper reagent for 40 minutes a) 
room temperature (22°—24°C). Then, d: 
luted phenol reagent was added and thi 
mixtures were allowed to stand for 1) 
minutes at room temperature and optica 
densities were then read at 660 mu in | 
Beckman DU spectrophotometer. | 

The levels of significance were tested b| 
Mann-Whitney U test (Siegel, 56) anj 
Students “t” test (Patau, 43). | 


RESULTS 


Qo: of liver homogenates 


Table 1 gives the Qo. values measure 
manometrically at 20°C for liver homog| 
enates of fish acclimated at 10° and 30°C 
Q:0 values for cold-acclimated fish we 
significantly higher than those of wa 
acclimated fish. Ekberg (758) obtaines 
similar Qo2 values by using slices of live 
and a different medium. 


Inhibition of oxygen consumption 
of liver homogenates 


Percentage inhibition of oxygen co 
sumption by various inhibitors and the d 
weight (gm dry wt./100 gm wet wt.) « 
liver homogenates of fish acclimated < 
10° and 30°C are given in table 1. 

Measurements of the percentage diffe} 
ence in oxygen consumption of the intad| 
fish, the liver homogenates and the live 
mitochondria of both cold- and warm-a¢@ 
climated fish are given in table 2 fd 
comparison. 


Isolation and morphology of mitochondri 


The electronmicrographs of mitochonc 
rial pellets of goldfish isolated in 0.25 1 
sucrose show that the mitochondria 2 
oval with cristae and membranes. Sucro¢ 
at 0.25 M was found to be optimal fd! 
the isolation of mitochondria since thes 
mitochondria showed better oxidative pho 


{ 


ENZYME CHANGES IN TEMPERATURE ADAPTATION 269 


TABLE 1 


Dry weight,! Qos? and percentage inhibition of oxygen consumption of liver homogenate 
from fish acclimated at 10° and 30°C 


Adaptation temperature No. of 


10°C 30°C expts. P 

Dry weight 12.29 11.71 10 0.01 

Qos 1.2 0.84 13 0.03 
Inhibition of respiration 

% % 

Amytal J 76.45 67.9 2 — 

Antimycin 88.4 77.4 6 0.05 
| Azide 82.3 75.9 4 
. Cyanide 96.8 98.0 2 —_ 
| co 52.15 52.15 6 —_— 


1Gm dry weight/100 gm wet weight. 
2 ul O2/mg dry weight/hr. 


TABLE 2 


Percentage difference in oxygen consumption 
between fish acclimated to 10° and 30°C 
measured at 20°C 


Higher concentrations of hexokinase than 
10-* M had an inhibitory effect on the es- 
terification of P:. Cytochrome c (4 X 10° 
M) increased the rate of oxygen uptake by 


ee @ Difference mitochondria without affecting P/O ratios; 

; Pes aan hence cytochrome c was used. MgCl. 
tice fae (2.0 X 107° M) increased the phosphory- 
Liver homogenate (Qo2) 42.8 lation. ADP and ATP were necessary for 
Mitochondria (Qo2" 11.0 optimal phosphorylation and oxygen up- 


take of mitochondria respectively. Oxida- 
tive phosphorylation with or without DPN 
was the same when succinate was used 
as the substrate. The criterion for the best 


phorylation than those isolated in higher 
or lower concentrations of sucrose. The 
mitochondria stained well with Janus 


ssreen before and after oxidative phos- 
»horylation was measured. 


Oxidative phosphorylation of mitochondria 


Sodium fluoride (1.0 X 10-? M) as an 
tnhibitor of mitochondrial adenosine-tri- 
phosphatase (ATPase) action was found 
sssential for the optimum esterification of 
»,. The addition of glucose and hexokinase 
to the medium was found necessary to trap 

he esterified P; as glucose-6-phosphate. 
"go 


activity of mitochondria was functional, 
that is, the maximum rate of oxidative 
phosphorylation. The P/O ratios decreased 
if the experiments were prolonged beyond 
one hour; the rate of oxygen uptake re- 
mained essentially the same for nearly 90 
minutes, but P; uptake decreased consider- 
ably after one hour. 

Table 3 gives measurements of P/ O, 
Qo.* and uM P; phosphorylated/mg protein 
(P/N) for liver mitochondria of fish ac- 


TABLE 3 


/0, Qo2%, and P/N? measurements with liver mitochondria of fish acclimated at 10° and 30°C 
with succinate, malate, isocitrate and a-ketoglutarate 


Bot P/O Qo P/N 
Se Substrates 
: 10°C) 3302C 10°C 30°C 10°C 30°C 
11 Succinate 1.48 1.84 0.001 93.47 21.3 0.01- 3.0 3.85 «- 0.01 
4 Malate 9.18 3.05 0.03 9.9 ANS — B40) ~— Syl — 
73 Isocitrate 1.18 2.79 0.03 6.73 6.8 — 0.9 1.61 — 
z 3 a-Ketoglutarate 2.51 3.3 0.05 7.3 6.9 ee a Glee 1.98 = 


7 -1Micromoles P; esterified/microatom oxygen consumed. 
2 Microliters oxygen consumed/mg nitrogen/hr. 
8 Micromoles Pi esterified/mg nitrogen. 
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climated at 10° and 30°C with succinate 
as the substrate. The P/O ratios, Qo.‘ and 
P/N obtained with a-ketoglutarate, malate 
and isocitrate were in the same direction 
as when Na-succinate was used (table 3). 
The rates at which different substrates 
were oxidized were succinate > malate > 
a-ketoglutarate > isocitrate. 


DISCUSSION 


In the previous paper (Kanungo, ’59) it 
was mentioned that goldfish acclimated to 
cold and warm temperatures showed 
significant differences in the oxygen con- 
sumption, Qio and temperature for maxi- 
mum metabolism. This paper considers 
metabolic differences at the tissue and 
subcellular levels. 


Oxygen consumption of liver homogenates 


Measurements of oxygen consumption 
of liver homogenates at 20°C showed that 
the Qo. of cold-acclimated fish was higher 
(1.24) than that of warm-acclimated fish 
(0.84). Thus, at 20°C there was an in- 
crease of 43% in the oxygen consumption 
for the cold-acclimated fish over that of 
the warm-acclimated fish. Ekberg (758) 
found, at 22°C, a 63.0% increase in the 
oxygen consumption of the liver slices of 
the fish acclimated at 10°C over that of 
the fish acclimated at 30°C. Our results, 
however, may not be entirely comparable 
to those of Ekberg (’58) because we used 
homogenates while he used slices of liver. 
Also we used a sucrose medium with rea- 
gents identical to those used for the study 
of mitochondria to enable comparison of 
the two results, but Ekberg used a medium 
of Krebs solution with glucose. 

Sellers (757) found higher Qo. for liver 
slices of rats acclimated to cold than for 
normal rats. Smith and Fairhurst (’58b) 
observed higher Qo.” for liver slices of rats 
acclimated to cold than to normal temper- 
atures. Hence, oxygen consumption, 
whether measured in terms of dry weight 
or the weight of nitrogen, shows changes 
in the same direction in liver slices of 
rats acclimated to cold temperature. How- 
ever, Qo.’ measurements of liver mito- 
chondria by Smith and Fairhurst ( 08a) 
showed changes in the opposite direction. 
With the present state of knowledge it is 
difficult to explain why Qo: of «slices and 


_ cleotide. Table 1 shows a greater inhibiti 


Qo.’ of mitochondria of liver change iii 
reverse direction on cold-acclimation i 
rats. In any case it is interesting to not@ 
that Qo. of the liver of both poikilotherng 
and homeotherm is increased on cold 
acclimation. | 

A comparison of the oxygen consump} 
tion of intact fish and of homogenates and 
mitochondria of livers of cold- and warmi 
acclimated fish (table 2.) shows that in all 
three measurements the values for thq 
cold-acclimated fish are higher. At 20°@) 
the percentage difference of Qo: of livey 
homogenate between cold- and warm-acy} 
climated fish is 43.0% and the percentagi 
difference of Qo.* of liver mitochondria i; 
12.0%. In both cases succinate was thé 
substrate. The remainder, (32.0% differ}| 
ence in oxygen consumption by the live} 
homogenate of the cold-acclimated fish 
not attributable to mitochondria) may bq 
due to the extra-mitochondrial pathway} 
of the liver cells. The principal oxidativ 
pathway metabolizing glucose outside thi 
mitochondria is the HMP. Therefore, it ij} 
possible that the respiration of cold-acclill 
mated fish liver is more dependent on thi 
HMP than the respiration of warm-acclil] 
mated fish. This argument is supporte 
by the finding of Ekberg (758) that ioe 
acetate caused less inhibition of respiralj 
tion by gills of fish acclimated at 10° thanj| 
at 30°C; this indicates that the respiration 
of cold-acclimated fish is more dependen 
on the HMP than that of the warm-acclill 
mated fish. 

The results of the measurements of the 
dry weight of liver homogenates of fis! 
acclimated at 10° and 30°C are in agree} 
ment with those of Suhrman (755) wha 
also noted a higher water content in tha 
liver of warm-acclimated fish than in lived] 
of cold-acclimated fish. It is possible tha} 
changes in the total water content of thal 
tissues may alter the activity of enzymes) 


Effect of inhibitors on the respiration 
of liver homogenates 


Amytal inhibits respiration by blocking 
the transport of electrons from the pyril 
dinenucleotide to the pple | 


of respiration by amytal in the cold-aceli 

mated fish but this difference is not sig} 

nificant. It appears that the electro 
% 
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transport in fish liver is linked to pyridine- 
aucleotide and flavin. 

Antimycin inhibits the transport of elec- 

trons from flavin to cytochrome c. A 
greater (88.0% ) inhibition of respiration 
of the liver homogenate of the cold-accli- 
mated fish was observed than for the 
warm-acclimated fish (77.0% ). This dif- 
ference was significant. This indicates 
that, in the cold-acclimated fish, the trans- 
port of electrons is more dependent on the 
cytochrome system than in the warm-ac- 
climated fish. Or, it may be that the cyto- 
chrome c of the warm-acclimated fish has 
changed or has increased in concentration 
30 that antimycin is less effective as an 
inhibitor. 
' Both azide and cyanide inhibit the re- 
duction of cytochromes from their oxi- 
idized state. Cyanide inhibited the respira- 
tion of the liver homogenates of both 
‘groups of fish almost completely. Ekberg 
58) observed an 86% inhibition in the 
liver slices of the cold-acclimated and an 
81.2% inhibition in the warm-acclimated 
fish. Azide inhibited respiration of the 
cold-acclimated fish by 82.3% and of the 
warm-acclimated fish by 75.9%. This dif- 
ference was not significant. Since both 
cyanide and azide are not specific inhibi- 
‘tors and no significant difference in the 
percentage inhibition of oxygen consump- 
tion between both groups of fish was ob- 
erved, general conclusions cannot be 
‘drawn from these measurements. 

Carbon monoxide inhibits the oxida- 
tion by cytochrome oxidase. Both the cold- 
and warm-acclimated fish liver showed 
50% inhibition of their respiration by CO. 
‘Hence the terminal oxidase in fish liver 
jis probably cytochrome oxidase and ap- 
}proximately 50% of the oxygen consump- 
tion appears to occur through non-cyto- 
chrome routes. 


Oxidative phosphorylation of liver 
mitochondria 


\ The activity of an animal does not de- 
tpend on the rate at which it consumes 
soxygen, but on the rate at which energy is 
Smade available for biological activity. 
Well known examples of this are the in- 
icrease in oxygen consumption and de- 
crease in phosphorylation after treatment 


‘with thyroxine or 2,4-dinitrophenol, so 
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that the net energy available for activity 
of the animal is decreased. 

Our measurements of the oxidative phos- 
phorylation of liver mitochondria at 20°C 
showed that P/O ratio for the cold-accli- 
mated fish was lower (1.48) than that of 
the warm-acclimated fish (1.84) when 
succinate was used as the substrate. The 
P/O ratio and the rate of phosphorylation 
were also significantly higher for the 
warm-acclimated fish when a-ketoglutar- 
ate, malate and isocitrate were used. How- 
ever, Qo.% for mitochondria of the cold- 
acclimated fish was higher (significant 
only at the 10% level). It is suggested 
that the phosphorylating system in the 
mitochondria of the cold-acclimated fish 
is decreased in efficiency either because of 
greater liberation of thyroxine or in some 
other way. The small difference in the 
Qo.% between the mitochondria of cold- 
and warm-acclimated fish supports this 
hypothesis. Apparently succinic dehydro- 
genase activity in the two groups of fish 
is not greatly altered. Also the differences 
Qo.X values were small when a-ketoglu- 
tarate, malate and isocitrate were used. 
Thus we conclude that the activities of 
dehydrogenases associated with the Krebs 
cycle in mitochondria are not significantly 
altered on acclimation to cold temperature. 
The phosphorylating system in the mito- 
chondria of cold-acclimated fish is some- 
how decreased in efficiency so that less 
ATP is synthesized. 

A similar phenomenon is seen in rats in 
which the P/O ratio for the mitochondria 
of liver decreases on cold-acclimation 
(Panagos et al., 58). This has been ex- 
plained as being beneficial to the rat in the 
cold in that a larger portion of the energy 
derived from electron transport is evolved 
as heat and this heat then contributes to 
the maintenance of the body temperature 
in the cold environment. Thus the energy 
which is not trapped by the synthesis of 
ATP is actually not wasted. A similar 
phenomenon is observed in mammals 
treated with thyroxine. Fish, however, are 
poikilotherms in which the body tempera- 
ture is virtually the same as the water 
temperature. A few measurements of in- 
ternal body temperature of goldfish 
showed that, irrespective of acclimation 
temperature, the body comes to the tem- 
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perature of the environment within a few 
minutes after transfer. Therefore, it is 
difficult to understand how a low P/O 
ratio in a fish acclimated to cold may 
be advantageous to it. On the other hand, 
a high P/O ratio for the warm-acclimated 
fish may be of advantage because this 
energy is necessary for its greater motor 
activity at high temperatures. 

A low P/O ratio in the cold-acclimated 
fish may occur in 4 possible ways. 

1. Inhibitors similar in action to 2,4- 
dinitrophenol or thyroxine may uncouple 
phosphorylation from electron transport 
causing low P/O ratios. 

2. A greater activity of ATPase in the 
liver mitochondria of cold acclimated fish 
may cause a low P/O ratio in these fish. 
However, since we used NaF in the reac- 
tion mixture for the measurement of oxi- 
dative phosphorylation, higher ATPase 
activity is not likely the cause for the P/O 
ratio in the cold-acclimated fish. 

3. Instead of a DPNH — Flavin — cyto- 
chrome c system, a “Calorigenic shunt” 
through a TPNH — cytochrome c system 
may occur in the cold-acclimated fish. 
The latter is a less phosphorylating system 
(Kaplan, 56; Vignais and Vignais, *57). 
This hypothesis assumes a difference in 
the activity of transhydrogenase in the 
mitochondria. This has been suggested by 
Smith and Fairhurst (58a) for rat liver 
mitochondria even though they did not 
find a difference in the activity of this 
enzyme. 

4. If the activity of TPNH + DPN= 
TPN + DPNH transhydrogenase is in- 
creased in the cold-adapted fish, then it 
may affect the transfer of electrons from 
DPNH to TPN, thus making TPN the main 
pyridine nucleotide linked to cytochromes. 
This would then result in low P/O ratios. 

It is probable that assay for the concen- 
trations and activities of TPN, transhydro- 
genase, ATPase and thyroxine may ex- 
plain why the P/O ratio is decreased in the 
liver mitochondria of cold-acclimated fish. 

That TPNH — cytochrome c system is a 
less phosphorylating system in the fish is 
also seen from our data. The P/O ratio ob- 
tained with isocitrate were lower than 
those.obtained with malate. The P/O 
ratio with isocitrate remained the same 
irrespective of whether DPN or TPN was 
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used. This shows that isocitrate oxidatili 
in fish liver mitochondria is TPNinkd 
because if it were DPN-linked higher Pf 
ratios would result. Thus it is similar} 
TPN-linked isocitrate oxidation in ft) 
citric acid cycle of mammalian liver mij 
chondria. | 

Measurements of P/O, Qo“ and P} 
with succinate, a-ketoglutarate, mal 4 
and isocitrate showed that these int} 
mediates of the Krebs cycle were utiliz 
well by the fish liver mitochondria. 4 
proximately theoretical P/O ratios wd 
obtained for each of them. The P| 
ratios and P/N for the mitochondria || 
the cold-acclimated fish were consisten|| 
lower than those of the “hein aed 


fish. Thus it is clear that the rate of oy 
gen consumption is higher for the cojj 
acclimated fish than for the warmed 
mated fish. This indicates that tl 
activities of a-ketoglutaric-, malic- and i 
citric-dehydrogenases are greater in t 
cold-acclimated fish than in the war 
acclimated fish. Thus, the phosphoryl 
ing system in the cold-acclimated fish jj 
decreased in activity as compared to 
of the warm-acclimated fish. 

Since it was found that the P/O rati 
obtained for the fish liver mitochond 
with succinate and other substrates we 
approximately the same as with rat liv 
mitochondria, one may conclude that t'| 
machinery for phosphorylation in fish | 
as efficient as that in rats even thou) 
the rate of oxygen consumption is ca 
siderably lower. Succinate oxidation || 
not DPN-linked in the fish. Approximate 
theoretical P/O ratios obtained with diff | 
ent substrates and the inhibition of re 
piration of liver homogenate by antimyc') 
and carbon monoxide clearly indicate t 
a full complement of cytochrome syste} 
operates in the mitochondria of fish li | 

! 
] 


for the oxidation of substrates. 

It is concluded that metabolic adaj 
tation to temperature occurs in the goll 
fish at the cellular level by quantitati 
changes in the activities of several enzy 
systems. 


| 


ENZYME CHANGES IN TEMPERATURE ADAPTATION 


iver homogenate and the oxidative phos- 
jhorylation of the liver mitochondria. 

2. The Qo. measurements of liver homo- 
venates at 20°C showed a 43% increase 
of the cold-acclimated fish over the warm- 
acclimated fish. The Qo.“ measurements 
‘or the mitochondria showed only a 12% 
mcrease in the oxygen consumption of 
the cold-acclimated fish over the warm- 
acclimated fish. It is suggested that the 
remainder of 31.0% of oxygen consump- 
tion of the liver of cold-acclimated fish, 
hot attributable to mitochondria, is due to 
a greater activity of the hexose mono- 
phosphate pathway as compared to the 
warm-acclimated fish. 

} 3. When expressed as percentage of wet 
weight, an increase of 4.7% in the dry 


| . 


weight of liver tissue was observed for 
the cold-acclimated fish. 

| 4. Amytal, sodium azide, potassium 
tyanide and carbon monoxide inhibited 
the respiration of liver homogenates of 
both groups of fish but the percentage 
Hifferences between the cold- and warm- 
acclimated fish were not significant. It is 
foncluded that the terminal oxidase of 
electron transport is cytochrome oxidase. 
} 5. Inhibition of respiration by anti- 
‘mycin was higher in the cold-acclimated 
‘ish. 

) 6. Oxidative phosphorylation studies 
wmade at 20°C showed that P/O and P/N 
‘catios were higher for the warm-accli- 
mated fish. Qo." values were higher for the 
teold-acclimated fish. These observations 
‘were the same for succinate, malate, iso- 
itrate and -ketoglutarate. 

7. It is suggested that a lower P/O ratio 
the cold-acclimated fish is due to de- 
lereased activity of its phosphorylating sys- 
tem as compared to the warm-acclimated 
‘fish. 

+ 8. It is concluded that metabolic adap- 
‘tation to temperature occurs in the gold- 
ifsh at the cellular level by quantitative 
hanges of several enzyme systems. 
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The Active Transport and Metabolism of Purines 


in the Yeast, Candida utilis' 
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Chicago 16, Illinois 


| In a study of the assimilation of a num- 
ber of nucleic acid derivatives by Candida 
‘Torulopsis) utilis, Di Carlo, Schultz, and 
McManus (751) found that the nitrogen of 
all of the naturally occurring purines that 
were tested was utilized for growth. It 
was suggested that C. utilis contains the 
enzymes adenase, guanase, hypoxanthine 
bxidase, xanthine oxidase, and uricase. 
[Following this suggestion, Roush (754) 
Found that adenine induces the formation 
of a specific adenase in C. utilis and noted 
that during the process of enzyme induc- 
tion in an adenine medium the yeast ac- 
cumulated dialyzable compounds with a 
nigh absorbancy at 260 mu. Subsequently, 
Roush and Domnas (’56) studied the up- 
take of uric acid by C. utilis, found an in- 
sracellular accumulation of uric acid by an 
‘active transport process, and demonstrated 
the induced biosynthesis of uricase in this 
yeast. In the above work, the purine served 
‘as the sole nitrogen source; in contrast, 
Cowie and Bolton (’57) have reported on 
the accumulation of adenine and guanine 
by exponentially growing yeast in a medi- 


am containing ammonium ion as the ni- 


| 
4 rogen source. 


The present work is a further charac- 
Jerization of the transport system involved 
‘n the accumulation of purines by the 
‘yeast cell and a study of the metabolism 
jf those purines that are concentrated by 
1. utilis. A total of 22 purines and related 


ytompounds have been studied. 


MATERIALS AND METHODS 


>) Candida utilis (strain ATCC 9950) was 
‘sxrown with aeration in the buffer and salt 

nedium of Schultz and Atkin (47) con- 
aining 0.4% ammonium sulfate as the 
itrogen source and 5% glucose as the 
arbon source. The yeast was harvested 
y centrifugation, washed once with dis- 


tilled water, and stored near 4°C until 
used. In experiments with the purines, 
1 gm (wet weight) of the yeast was aer- 
ated in 100 ml of a medium of the same 
composition except that the nitrogen 
source was 0.1 mg/ml of the purine. 
Disappearance of the purine from the 
medium was followed by optical density 
measurements in the ultraviolet at a wave- 
length of maximum absorption for the 
purine. One-milliliter samples of the cul- 
ture were diluted with 10 ml of distilled 
water, the cells were centrifuged down, 
and the optical density of the supernatant 
fluid was measured. To estimate the intra- 
cellular purine content, the sedimented 
yeast cells were suspended in 10 ml of 
water, heated in a boiling water bath for 
10 minutes, the resulting mixture centri- 
fuged, and the optical density of the super- 
natant fluid measured at appropriate wave- 
lengths. It was found that there was no 
extraction of the intracellular purines 
when the cells were washed with 10 ml 
of water or with 10 ml of 0.1 M, pH 7.0 
phosphate buffer without heating. The in- 
tracellular concentrations of individual 
purines were determined on buffered ex- 
tracts obtained in a similar manner. Spe- 
cific spectrophotometric assays as given in 
the following references were used: guan- 
ine—rat brain guanase, Roush and Norris 
(750); hypoxanthine and xanthine—milk 
xanthine oxidase, Krebs and Norris (’49); 
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of the National Institutes of Health, U.S. Public 
Health Service. 

2Part of the work reported herein was taken 
from dissertations presented by Lillian M. Ques- 
tiaux (January, 1959) and A. J. Domnas (June, 
1956) to the Graduate School of Illinois Institute 
of Technology in partial fulfilment of the re- 
quirements for the Ph.D. degree. 
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adenine—yeast adenase, Roush (’54); uric 
acid—porcine liver uricase, Kalckar (’47). 

To measure enzyme activities, yeast cells 
were disrupted by shaking in three vol- 
umes of the appropriate buffer with 3 mm 
glass beads for 3.5 hours at 0°C, the ho- 
mogenate was centrifuged 30 minutes at 
25,000 X g in the refrigerated centrifuge, 
and the enzyme activities were measured 
on the supernatant fluid using spectro- 
photometric methods (see references in the 
above paragraph). A Hughes press 
(Hughes, 51) operated at dry ice temper- 
ature was used to obtain enzyme extracts 
from 2,6-diaminopurine and isoguanine 
adapted yeast. Protein was determined by 
the method of Lowry et al. (51) using 
crystalline bovine serum albumin as a 
standard. With the glass beads, it was 
found that maximum specific activity of 
the enzymes was obtained after shaking 
3.5 hours. 

A number of techniques were used in 
attempts to find xanthine dehydrogenase 
or xanthine oxidase in yeast cells that had 
taken up and metabolized hypoxanthine or 
xanthine. Thunberg tube assays (Thun- 
berg, 20) were employed using intact yeast 
cells, homogenates, dialyzed homogenates, 
and cell extracts obtained upon centrifuga- 
tion of homogenates. In the Thunberg 
tests, the following compounds were tested 
as electron acceptors or possible cofactors: 
methylene blue, 2,6-dichlorophenolindo- 
phenol, phenazine methosulfate, pyocyan- 
ine chloride, neotetrazolium chloride, cy- 
tochrome C, diphosphopyridine nucleotide, 
and triphosphopyridine nucleotide. Spec- 
trophotometric assays for xanthine oxidase 
were used, including tests for an effect 
with cytochrome C, diphosphopyridine nu- 
cleotide, and triphosphopyridine nucleo- 
tide. 

Purines and other-compounds were ob- 
tained from commercial sources. Contam- 
inants were not detected in the purines 
with the specific enzymatic assays nor were 
contaminants indicated by ultraviolet ab- 
sorption spectra. Carbon monoxide (c. p., 
eo) was obtained from the Matheson 

oO. 
RESULTS 

Intracellular accumulation of purines by 
C. utilis. Figures 1-6 inclusive show the 
kinetics of the disappearance of 6 different 
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purines from the medium and the resulti 
accumulation of compounds absorbing} 
the ultraviolet by the yeast when ed 
purine was present in the medium as | 


sole nitrogen source. A lag period of abi 
one hour was usually observed before * 
purine started to disappear from the med 
um (figures 1-4) and the lag period vw) 
reduced or abolished if the yeast was a4 
ated two hours in glucose medium bef 


the addition of the purine (figs. 4 and | 
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Fig. 1 Removal of adenine from the medil 
and the accumulation of intracellular purines} 
C. utilis. 


With adenine (fig. 1), it was found t 

the cellular extracts had a higher ot 
density at 250 mu (Ama, hypoxanthir) 
than at 260 mu (Amax, adenine) after abd 
90 minutes. Also, the extracts did not : 
sorb appreciably at 293 mu (Amex, uric aci 
at any time. After all of the adenine h 
been removed from the medium, a ca 
plete ultraviolet absorption spectrum 
the extract indicated that most of the 
tracellular absorbant material was hy 
xanthine. This was confirmed by puri 
determinations on an extract obtained | 
the time indicated by the arrow in figure} 
the results of these determinations ; 
given in table 1. Hypoxanthine was fou! 
to amount to about 90% of the total p 

ines present in the extract and very lit 
uric acid was detected. After the int) 
cellular accumulation of ultraviolet : 
sorbing compounds had attained a mai 
mum, the absorbant material disappea i 
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Fig. 2 Removal of hypoxanthine from the 
‘medium and the accumulation of intracellular 
|purines by C. utilis. 


e 


)at a rate that was very slow compared to 
ithe rate of uptake of adenine by the yeast 
‘cells. 

When hypoxanthine (fig. 2) was used 
'as the nitrogen source, the material ac- 
cumulated by the yeast did not absorb at 
993 mu. Analysis of an extract obtained 
‘at the time indicated by the arrow in figure 
}2 showed that almost all of the intracellu- 
lar purine was hypoxanthine and that very 
‘little uric acid was present (table 1). 


Purine used 
as a nitrogen 


to the medium. 


extract. 
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Again, the rate of metabolism of the in- 
tracellular purines was slow when com- 
pared to the rate of uptake of the hypo- 
xanthine. 

With guanine (fig. 3) there was an in- 
crease in the optical density of the extract 
at 293 mu indicating the possibility of uric 
acid accumulation. The data on purine 
analyses in table 1 show that in this case 
the predominant intracellular purine was 
xanthine with lesser but appreciable 
amounts of guanine and uric acid. In 
the extract prepared at three hours the 


GUANINE 


Eo 45(medium) 
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Fig. 3 Removal of guanine from the medium 
and the accumulation of intracellular purines 
by C. utilis. 


TABLE 1 


Results of purine determinations on Candida utilis extracts obtained with various 
purines as the sole nitrogen source 


Purines found in extracts of the yeast from 


of culture (ug) 


SOuECS Adenine Hypoxanthine Guanine Xanthine ae 
Teen eee eee 
Adenine 8 80 — — 1 
Hypoxanthine - 82 — — i 
Guanine - _ 20 53 19 
Guanine! - — 7 25 14 
Xanthine = == — 10 i 
Xanthine? = = — 28 46 
Uric acid - —_ — — 67 
2,6-Diaminopurine = = 6 14 13 
Isoguanine 0 0 (0) (0) 0 
None (refrigerated yeast ) (0) 10) (0) (0) (0) 
None (three-hour aeration in 

N-deficient medium ) (0) 0 (0) (0) (0) 


ee ___ 
1 Experiment not shown in a figure. Sample taken 8.5 hours after the addition of yeast 


2 Experiment not shown in a figure. Sample taken at maxium optical density of the 


————«— - 
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Fig. 4 Removal of xanthine from the me- 
dium and the accumulation of intracellular pur- 
ines by C. utilis. 


amounts of guanine and uric acid were 
about equal but in the extract prepared at 
8.5 hours uric acid predmoinated. 

With xanthine (fig. 4) immediately af- 
ter all of the xanthine had been removed 
from the medium the optical density of 
the extract at 293 mu exceeded that at 
270 mu (Amax, Xanthine), again indicating 
the possibility of uric acid accumulation. 
The purine determinations (table 1) show 
that uric acid is the predominant intracell- 
ular purine with about 50-60% as much 
xanthine under the conditions of extrac- 
tion. The intracellular purines were me- 
tabolized more rapidly when xanthine was 
the nitrogen source than when the other 
purines were used; in about two hours the 
optical density of the extract declined from 
the maximum to a value near that of an 
extract taken at the start of the experi- 
ment. 

The results with 2,6-diaminopurine are 
shown in figure 5. Disappearance from the 
medium was followed at 280 mu, an ab- 
sorption maximum for the compound. It 
was found that the extracts showed maxi- 
mum absorption at 270 mu; curves for the 
optical density of the yeast extract at 280 
mu and at wavelengths of maximum ab- 
sorption of guanine are not shown but were 
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parallel to and lower than the 270 mi 
curve. These results, along with ah 
change in optical density of the extract} 
at all wavelengths indicated that the dij 
aminopurine was being metabolized by t 
yeast. The extract taken at the time ij] 
dicated by the arrow in figure 5 was and 
lyzed and the purine determinations liste; 
in table 1 show appreciable amounts ¢ 
guanine, xanthine, and uric acid in thi 
extract. 

Isoguanine (fig. 6) was removed fror 
the medium by the yeast cells but nd 
metabolized as shown by optical densit} 
measurements at 286 mu (Amax. isoguar 
ine). Curves of data obtained at othe} 
wavelengths were parallel to and lowe 
than curves shown in the figure. After al 
of the isoguanine was removed from thi 
medium, the optical density of the cellula 
extracts remained at a constant high na 


for as long as 22 hours; at no wavelengt 
was a decrease noted in this or in oth 
similar experiments. No adenine, guanine 
hypoxanthine, xanthine, or uric acid coul 
be detected in extracts of C. utilis that h 

taken up isoguanine (table 1). 
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Fig. 5 Removal of 2,6-diaminopurine fra 
the medium and the accumulation of intraci! 


addition of the diaminopurine. 
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‘Fig. 6 Removal of isoguanine from the me- 
ium and the accumulation of intracellular pur- 


es by C. utilis. The yeast was aerated two 
urs in the glucose medium prior to the addi- 
m of the isoguanine. 


No purines were detected in extracts of 
ae refrigerated yeast or in yeast that had 
en aerated for three hours in the absence 
f a purine in the medium (table 1). 
None of the following compounds were 
en up by the yeast when present in the 


of other compounds was 100 ug/ml. 
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medium as potential nitrogen sources at 
concentrations in the range of 50 to 100 
ug/ml. The duration of the test in hours 
is given after each compound: caffeine 
(7); theobromine (24); theophylline (6); 
2-aminopurine (7.5); 6-amino-2-thiopur- 
ine (22); 8-azaxanthine (6); 8-aza-2,6-di- 
aminopurine (32); benzimidazole (10.5); 
kinetin (6.5); and xanthopterin (6). Each 
of the compounds listed in table 2 was 
found to be metabolically inert when tested 
under the following conditions as indicated 
in the table: (1) when tested as a sole 
nitrogen source for the yeast; (2) when 
tested for removal from the medium upon 
addition after an analogous natural pur- 
ine had been removed from the medium 
and partly metabolized; and (3) when 
added to the medium prior to the natural 
purine and the uptake or metabolism of 
the latter compound then followed. No 
accumulation by the yeast cell of any of 
the compounds listed in table 2 was found 
under any condition nor was any effect 
noted on the accumulation and metabolism 
of the natural purine in any experiment. 
Table 3 gives data for the comparison 
of the rates of disappearance of 5 natur- 
ally occurring purines from the medium. 
These rates were obtained simultaneously 


TABLE 2 


Test conditions for purine derivatives found to be metabolically inert in C. utilis 
6-Chloropurine and purine were tested at a concentration of 50 ug/ml; the concentration 


Time interval 


ration Between 
Test Natural Se test a addition 
compound purine asaN of natural of 
source * derivative 
purine and and natural 
derivative purine 
Z 7 hours hours hours 

a 

8-Azaadenine None 6 — — 
_ 8-Azaadenine Adenine — 5.5 — 

_ 8-Azaadenine Adenine — — 4 
8-Azaguanine None 6.5 = — 
8-Azaguanine Guanine —_— 3 — 
8-Azaguanine Guanine = —_ 2.5 
6-Chloropurine None 24 — — 

_ 6-Chloropurine Adenine — 5.5 —_ 

_ 6-Mercaptopurine None 22 — — 

_ 6-Mercaptopurine Adenine — al = 
6-Mercaptopurine Adenine . — — it 

_ 6-Mercaptopurine Hypoxanthine — 1 — 

_ 6-Mercaptopurine Hypoxanthine — =< il 

_ Purine None 7 — = 
Xanthine — Dy — 
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TABLE 3 
Comparison of the rates of uptake of 
various purines 


The yeast was aerated 2.5 hours before the 
addition of the purines. Temperature, 30°C. 


Rate of disappearance 


Purine from the medium 
umoles/hr/gm yeast 
Adenine 16 
Hypoxanthine 10 
Guanine 26 
Xanthine 66 
Uric acid 227 


with aliquots of the same yeast under con- 
ditions that were maintained as nearly 
identical as possible for all samples. A 
23-fold variation in rate is noted between 
hypoxanthine and uric acid and, in con- 
trast to the other purines, xanthine and 
adenine demonstrated a slight lag period 
prior to purine uptake. 

Enzyme activities. Table 4 gives en- 
zyme activities of C. utilis extracts ob- 
tained from yeast after exposure to purine 
media or various conditions of aeration. 
All extracts were tested for xanthine and 
hypoxanthine oxidase using the spectro- 
photometric method and in no instance 
was any evidence for these activties found. 
In all of the xanthine and hypoxanthine 
dehydrogenase assays carried out under 
anaerobic conditions no effect due to sub- 
strate was demonstrated. 

Extracts of yeast cells that had neither 
been exposed to purines nor aerated con- 
tained no adenase® or guanase and only a 
very low uricase activity. Aeration of the 
cells in a nitrogen deficient medium caused 
the appearance of low adenase, guanase, 


TABLE 4 


The induced biosynthesis of enzymes of purine metabolism in Candida utilis 


Purine used 


. Aeration 
as a nitrogen ; 
source time Adenase Guanase Uricase 
A hours umoles/hr/mg protein 
Adenine 6.5 4.2 2.9 1.2 
Hypoxanthine 12 5.8 5.3 3.6 
Guanine 8.5 4.4 2.1 1.2 
Xanthine 6.3 0.6 et 1.7 
Uric acid 8 0.5 0.2 3.3 
2,6-Diaminopurine 5 0.7 y 0.9 
Isoguanine 9 0.5 0.3 Je} 
~None (0) (0) 0 0.03 
None oF 0.2 0.2 0.1 
None " 18.5 0.2 0.3 0.5 
a a ee ee ee eee 


: 
: 


and uricase activities. All of the purines 
that were examined for an effect on en! 
zyme activity gave increased uricase tid 


tivity when used as nitrogen sources. Uric 
acid and isoguanine did not appear tc 
give guanase activities significantly higher 
than the aerated controls but a slightly ele# 
vated adenase activity resulted with eac 
of these compounds. Xanthine and 2,6-di; 
aminopurine utilization resulted in guan; 
ase formation and a slight elevation in 
adenase, and the three purines adenine} 
hypoxanthine and guanine each elicited) 
the formation of adenase, guanase, and 
uricase. | 
The effect of various factors on the ac: 
cumulation of purines by C. utilis. The de} 
pendence of the accumulation of uric aci 
upon glucose, the carbon source, is shown 
in table 5. Without glucose, the yeast take 
up purines very slowly, if at all. Figure 7 
illustrates the effect of aeration with glu: 
cose of various concentrations on the lag 
period before uric acid uptake. Wit 
yeast that was not areated in glucose prioy 
to the addition of uric acid, the minimu 
lag period was found with a glucose con 
centration near 5 gm/100 ml. Yeast tha 
was aerated two hours with glucose con: 
centrations of from 0.1 gm to 10 gm/100 
ml removed the uric acid without a lag) 
period. The reduction or abolition of th 


3 The previous report of a slight adenase ac 
tivity in extracts of unadapted C. utilis (Roush 
754) was based on an experiment where cell: 
were broken at room temperature; this sligh’ 
adenase activity, possibly induced by adenin 
liberated by autolysis, was not found in ex! 
tracts of cells disrupted at 0°C. 


Specific activity of extract 
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ig period upon aeration in glucose before TABLE 6 


ddition of the purine has been observed The effect of storage of adenine-adapted yeast in 


ith several purines other than uric acid. various media on adenine accumulation 


Table 6 gives data which shows that af- Rate of 
r yeast has been adapted to accumulate Storage disappearance 
denine, the maintenance of the system Condition Cece thiol 
or adenine uptake depended upon the metus 
ontinued presence of glucose in the stor- umoles/hr/ 
ge medium; the rate of uptake was re- Immediately after adenine adapta- ee tee? 
uced after the adapted yeast had been tion (before storage ) 50 
tored in the absence of glucose. In this deh complete growth 65 
xperiment, the yeast was aerated in the cern pein eee Prediani AL 
Tice = Stored in adenine medium 
without glucose 22 
Uric acid accumulation as a function of Stored in glucose medium 
glucose concentration (no nitrogen source ) 55 
The yeast was aerated two hours and 35 min. Stored in ammonium sulfate 
1 glucose before the addition of 59 umoles uric medium (no glucose ) 9 
cid/100 ml. 
Raiser usual adenine medium until most of the 
estate Oe soa cay acne adenine was removed from the medium, 
the medium aliquots were removed and centrifuged, 
ng/ml umoles/hr/gm yeast the yeast washed once with distilled water, 
(0) 4.9 and stored in the indicated medium over- 
100 14.2 night in the refrigerator. For the uptake 
es - experiments, 0.2 gm of the yeast was used 
in 100 ml of medium containing 10 ug/ml 


80 


LAG PERIOD (minutes) 


5 10 1S 
GLUCOSE CONCENTRATION (9/100 ml) 


- Fig. 7 The effect of glucose concentration on the lag period observed bef 
uptake. Zero, 1, and 2 indicate the hours of aeration in glucose before the 


uric acid. 


ore uric acid 
addition of 
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of adenine. The presence of nitrogen in the 
form of either adenine or ammonium ion 
resulted in a decreased uptake rate upon 
storage, even in the presence of glucose. 

The effect of ammonium sulfate on the 
accumulation of uric acid by the yeast was 
investigated and the results are summar- 
ized as follows. With yeast that had been 
aerated in glucose for two hours before the 
addition of uric acid, the simultaneous 
addition of up to 80 mg of ammonium sul- 
fate/ml with the uric acid had no effect 
on the rate of uptake of uric acid. How- 
ever, when 6 mg/ml of ammonium sulfate 
was present during the two-hour aeration 
with glucose, uric acid uptake did not 
occur; on the other hand, when only 1 mg/ 
ml of ammonium sulfate was present dur- 
ing the aeration period, uptake of uric acid 
occurred at the same rate as in the control 
without ammonium sulfate. 

Uric acid was accumulated by yeast that 
had been incubated in glucose under ana- 
erobic conditions. This was shown in two 
ways. An apparatus was constructed to 
bubble oxygen-free nitrogen (prepared by 
passing tank nitrogen through alkaline 
pyrogallol and over red hot copper) 


TABLE 7 
The effect of inhibitors on the accumulation of purines by C. utilis 


Experiment Compound 


i None 
Arsenate 
Arsenate 
and phosphate 
Phosphate 


2 None 
Arsenate 
Arsenate 
and phosphate 


3 None 
Arsenate 
Arsenate 
and phosphate 
Phosphate 


4 None 
Cyanide 
Cyanide 

5 None (air) 
Carbon monoxide 

6 None 
2,4-Dinitrophenol 
2,4-Dinitrophenol 
2,4-Dinitrophenol 


Concentration Purine Rate 
M umoles/hr/ 
gm yeast 

—- Adenine aks) 
0.001 Adenine 10) 
0.001 
0.05 Adenine 19 
0.05 Adenine Pxl 

— Guanine 38 
0.001 Guanine 2 
0.001 
0.1 Guanine 21 

—_ Uric acid 103 
0.001 Uric acid sige) 
0.001 
0.02 Uric acid 51 
0.02 Uric acid 90 

— Guanine 32 
0.005 Guanine 12 Ne 
0.025 Guanine o @F 

— Uric acid 104 >» 

(99.5% ) Uric acid 79 ; 

— Uric acid 142 
0.0001 Uric acid 73 
0.0002 Uric acid 24 ; 
0.0004 


through a yeast culture into which urij 
acid could be introduced and from whick 
samples could be withdrawn without ad) 
mission of air. With this apparatus, up} 
take curves were obtained that were simila} 
to those obtained when air was bubbled 
through the medium. Also, yeast was sus| 
pended in glucose medium in Thunber# 
tubes, the tubes flushed out with nitrogen 
evacuated with an oil pump, and uric acic 
samples added from the side arms and a 
lowed to incubate for various periods o 
time. The tubes were then opened, thi 
cultures centrifuged as rapidly as possible 
and the absorbancy of the supernatant me 
dia measured. In a typical experiment 
the rate of uric acid disappearance fro 
the medium was 83 umoles/hr/gm yeas; 
under anaerobic conditions as compared t' 
88 umoles/hr/gm yeast in air. 

Table 7 shows the effect of various i 
hibitors on the accumulation process. A 
senate, when present during the entire i 
cubation process, inhibits the uptake oj 
those purines which have been tested ani 
the inhibition is prevented by the simu 
taneous presence of phosphate. If arsen 
ate is added with the uric acid after th} 


Uric acid (0) 
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weliminary aeration in glucose, it does 
lot inhibit uric acid uptake. Cyanide was 
ound to inhibit uric acid uptake if added 
vith glucose prior to the addition of uric 
cid, if added with the uric acid, or if ad- 
led after uric acid uptake had started. 
subbling carbon monoxide through the 
feast suspension in the dark during the 
’.9-hour incubation period prior to the ad- 
lition of uric acid and during the uptake 
wrocess did not prevent the accumulation 
ff uric acid. Uric acid uptake was inhib- 
ted by 2,4-dinitrophenol. Other potential 
nhibitors that were tested and found in- 
effective were sodium azide (0.5 M) and 
jodium fluoride (0.04 M). Ultraviolet ab- 
sorption spectra of extracts of azide treated 
5. utilis indicated that azide does not 
mter the yeast cell. 

Other factors that were investigated in- 
ude the concentration of yeast and the 
soncentration of the purine in the medium. 
The rate of disappearance of the purine 
rom the medium was roughly proportion- 
il to the concentration of the yeast in the 
edium; however, a linear relationship 
vas not obtained and such studies ap- 
beared to be complicated by the growth of 
he yeast during the time that rate meas- 
rements were made. The rates of disap- 
yearance of adenine and guanine were not 
iffected by the concentration of the purine 
mtil a very low concentration (1-2 ug/ 
nl) was reached, under which condition 
t was impossible to obtain accurate rate 
neasurements. With low concentrations 
xf the yeast cells, acceleration of the rate 
ff disappearance was noted with guanine 

ad adenine. Analysis of the guanine rate 
urves under such conditions indicated 
hat autocatalytic kinetics was being fol- 
owed. 

4 DISCUSSION 


The data presented here are compatible 
vith the conclusion that Candida utilis ac- 
umulates 7 purines (adenine, hypoxan- 
hine, guanine, xanthine, uric acid, 2,6- 
liaminopurine, and isoguanine) from the 
medium by an active transport process. 
[he time lag that was noted before the 
urine starts to disappear from the medi- 
am may reflect the need to accumulate an 
mergy source or form a specific binding 
site, or both, before uptake of the purine 
tan occur. It is evident that an energy 
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source (glucose) is required for the ac- 
cumulation of purines. After the purine 
has disappeared from the medium, most of 
the purine that was present originally in 
100 ml of the medium can be accounted 
for in an extract of the one gram (wet 
weight) of the yeast that was added to the 
medium (table 1). Catabolism to com- 
pounds that were not determined or con- 
version to nucleic acids, nucleotides, etc. 
can probably account for the remainder of 
the purine. In every case where a deter- 
mination was carried out, the intracellular 
concentration of the parent purine that 
was removed from the medium exceeds its 
original concentration in the medium. Di- 
rect determinations of 2,6-diaminopurine 
and isoguanine were not carried out but 
the ultraviolet absorption studies (figs. 
5 and 6) are indicative of a concentration 
of these compounds by the yeast cell. Iso- 
guanine is taken up and not metabolized. 
The purines that were determined in the 
hot water extracts or in Hughes press ex- 
tracts obtained at dry ice temperature were 
found to be “free” purines, readily acted 
on by specific enzymes. The fact that a 
lag period is exhibited by certain purines 
and not others under certain conditions is 
indicative of separate transport systems 
for the various purines. The variation in 
uptake rate among the different purines 
(table 3) and other kinetic differences 
among the purines that have been noted 
may be due to separate transport systems. 

The accumulation mechanism is highly 
stereospecific and the following can be 
concluded on the basis of the compounds 
that were studied: (a) an amino group or 
an hydroxyl group is required at the 6 posi- 
tion for purine accumulation; (b) an 
amino or hydroxyl group at the 6 position 
does not insure accumulation; (c) any al- 
teration of the basic purine ring structure 
prevents accumulation; and (d) substi- 
tution at the one, three, and 7 positions 
prevents accumulation. 

It is not sufficient that a purine be a 
substrate for an enzyme of the yeast in 
order for it to be accumulated. Questiaux 
(759) found that 8-azaguanine is a sub- 
strate of the guanase of C. utilis but it is 
not accumulated nor does it have an effect 
on the accumulation of guanine by the 
yeast. The xanthine oxidase, substrates, 
purine (Bergmann and Dikstein, °56) and 
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6-mercaptopurine (Philips et al., 54) are 
not accumulated nor do they influence the 
accumulation of xanthine. These results 
may indicate that guanase and xanthine 
oxidase are not involved in the transport 
process for their specific substrates. It 
should be noted that our work does not pre- 
clude the possibility of entry into the yeast 
cell of compounds that are not actively ac- 
cumulated; amounts that would enter by 
a free diffusion process would not be de- 
tected by our analytical methods. 

The metabolism of glucose is required 
for the accumulation of purines and it ap- 
pears that anaerobic glycolysis is sufficient 
to provide the energy needed for the pro- 
cess, although aerobic metabolism might 
permit higher rates; uric acid is accumu- 
lated under anaerobic conditions and the 
adenine transport system, once established, 
disappears when the yeast is removed from 
the glucose medium and washed. The in- 
creased lag period at higher glucose con- 
centrations (fig. 7) may be due to glucose 
inhibition of glycolytic enzymes with the 
result that the transport and metabolism 
of glucose is inhibited. 

The reversal of arsenate inhibition of up- 
take by the addition of phosphate indicates 
a requirement for the formation of “energy- 
rich” phosphate compounds before up- 
take of the purine occurs; arsenate inhibi- 
tion of this nature has been demonstrated 
in a number of systems (Avron and Jagen- 
dorf, 59). Warburg (’49, p. 18) has 
shown that yeast respiration is sensitive 
to cyanide concentrations of the order of 
magnitude of 10-* M and that fermenta- 
tion is inhibited only when a cyanide con- 
centration of near 10~? M is reached, the 
site of inhibition being the aldolase reac- 
tion. Uric acid and guanine uptake (table 
7) are inhibited only by the higher con- 
centrations of cyanide, indicating that fer- 
mentation and not respiration is required 
for the accumulation process. Warburg 
(49, p. 78) also found that the respira- 
tion of torula yeast was quite sensitive to 
inhibition by carbon monoxide. Our re- 
sults showed that uric acid uptake was al- 
most unaffected in a 99.5% carbon mon- 
oxide atmosphere in the dark, again indi- 
cating that respiration is not necessary 
for the active transport of a purine. The 
inhibition of uric acid uptake by 2,4-di- 
nitrophenol might lead one to implicate a 
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requirement for oxidative phosphorylationy 
in this process (Utter et al., 58); however} 
2,4-dinitrophenol also inhibits fermenta; 
tion and phosphate esterification under 
anaerobic conditions in yeast (Meyerhofi 
and Fiala, 50) and stimulates adenosine) 
triphosphatase under conditions other thani 
those of oxidative phosphorylation (Blum 
and Felauer, 59). Azide did not inhibiti 
the uptake of uric acid in C. utilis, probably; 
because it did not enter the cell. Likewise }j 
fluoride was not an inhibitor and probably 
does not enter C. utilis (Ingram, ’55). | 

Suppression of the transport system for 
purines in the presence of ammonium io 
may be explained on the basis that the 
metabolism of large amounts of ammoni 
um ion requires all of the available energy} 
leaving none for the formation and opera} 
tion of the transport system for the pur 
ines. Kerr et al. (’51) found that adenine+ 
8-C'* was almost completely utilized by} 
growing yeast for the formation of ribonu+ 
cleic acid adenine and guanine; labeled 
guanine was also utilized but incorporated) 
only into ribonucleic acid guanine. Cowie 
and Bolton (757) found that guanine and 
adenine were concentrated unchanged by 
exponentially growing C. utilis in the pres# 
ence of ammonium chloride (2 mg/ml) 
and were not catabolized. These result 
agree with our finding that uric acid i 
transported into the cell in the presence of 
low concentrations of ammonium ion bu 
are to be contrasted to our finding that th 
purines are extensively catabolized wher 
present in the medium as the sole source of 
nitrogen. 

Saccharomyces cerevisiae also has 4 
active transport system for the purines 
guanine and adenine but excretes the de+ 
aminated purines into the medium, in con 
trast to C. utilis. Thus, Lahou (’58) found 
that S. cerevisiae took up guanine and ex} 
creted xanthine. In this laboratory La¥4 
hou’s observation was verified and in ad# 
dition it was found that S. cerevisiae took) 
up adenine and excreted hypoxanthin 
(Saeed, ’59). 

Inability to demonstrate an effect o 
purine concentration on the rate of uptakd 
until a very low concentration is attained 
indicates that the binding sites for the) 
purines are saturated at a very low cony 
centration. Autocatalytic kinetics of guan 
ine uptake is presumed to reflect the fact 
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lat guanine serves as a nitrogen source 
wr growth and for the formation of guan- 
se and the other enzymes of purine cata- 
olism. 
On the basis of the data given here and 
1at from numerous similar experiments, it 
ppears that the natural purines are me- 
ibolized at an approximately constant 
ite after a maximum intracellular con- 
sntration is reached. Since the rates of 
ptake are rapid compared to the rates 
— metabolism, the purines accumulate 
ithin the yeast cell. The analyses for the 
idividual intracellular purines given in 
ible 1 show that the aminopurines are 
upidly deaminated after they are removed 
"om the medium. On the other hand, the 
urines are oxidized much more slowly. 
is estimated that in a 100 ml culture 
ontaining one gram of yeast during a 
ical experiment hypoxanthine is me- 
ibolized at a rate of 3—4 umoles/hour, 
thine at the rate of 12 umoles/hour, 
d uric acid at the rate of 10 umoles/ 
ur. Consequently, when adenine or hy- 
xanthine are being metabolized, there 
no appreciable accumulation of uric 
id but when guanine or xanthine is 
etabolized, uric acid accumulates within 
1e cell. This is based on the assumption 
a typical pathway for the metabolism 
? purines as given below. 2,4-Diamino- 
ine is a substrate of adenase (Roush, 
8) and is not a substrate of guanase 
estiaux, 59), thus gives rise to guan- 
e, xanthine, and uric acid (table 1). 


adenase 
adenine ——————> hypoxanthine 


guanase 


The data in table 4 indicates that the 
ines are metabolized as the result of 
e sequential induction of enzymes. Aer- 
ion in the absence of a purine without a 
trogen source results in the formation of 
ight adenase, guanase and uricase ac- 
wities; possibly these activities arise as 
e result of nucleic acid or nucleotide 
eakdown during the aeration period to 
-ovide adenine and guanine which would 
en act as inducers for enzyme formation. 


dia + 
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oxidase 


oxidase : 
guanine ——————> xanthine ————_~ uric acid —————— allantoin 
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If so, these compounds are metabolized 
very rapidly because no intracellular pur- 
ines were detected in the yeast that was 
aerated in a medium free of nitrogen. It 
is evident from the data that a substrate 
is not required for the appearance of en- 
zyme activity; for example, hypoxanthine 
elicits the formation of guanase and aden- 
ase and isoguanine is an inducer of uri- 
case. 

Hypoxanthine and xanthine are both 
metabolized and presumably via uric acid. 
Since hypoxanthine is metabolized at a 
slower rate than xanthine, it is possible 
that separate enzymes are involved in the 
oxidation of these purines. The inability 
to find enzymes for the metabolism of hy- 
poxanthine and xanthine in C. utilis in 
spite of an extensive search is puzzling. 
Several possibilities may be cited to ex- 
plain this lack of activity: the enzymes 
may be labile; they might be present in 
such low concentrations that activity has 
not been detected; unknown cofactors or 
electron acceptors might be involved; or 
an unusual inhibition or other property 
of the enzymes might be involved. Be- 
cause of the known properties of xanthine 
oxidases and dehydrogenases from other 
sources and because of the rates of metab- 
olism of xanthine and hypoxanthine with- 
in the yeast cell, it is thought that the best 
explanation lies in one of the last two sug- 


gestions. 
SUMMARY 


Twenty-two purines and related com- 
pounds were supplied to Candida utilis as 


uricase 


sole nitrogen sources and the metabolism 
of each was studied. After an initial lag 
period, adenine, guanine, hypoxanthine, 
xanthine, uric acid, 2,6-diaminopurine and 
isoguanine were rapidly removed from the 
medium with the result in each case that 
a high intracellular concentration of the 
purine and its metabolic products, if any, 
was attained. Isoguanine was not metab- 
olized after it was accumulated and the 
other purines were metabolized at rates 
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that were considerably slower than the up- 
take rates. Fifteen of the compounds were 
not taken up by the yeast in detectable 
amounts and several of these compounds 
did not influence the uptake of purines 
that were accumulated. 

Glucose was required for the formation 
and maintenance of the transport system 
for the accumulation of the purines. The 
transport system for uric acid was formed 
in the presence of low but not high con- 
centrations of ammonium ion; once the 
transport system was established, very 
high concentrations of ammonium ion did 
not suppress the accumulation of uric acid. 
Anaerobiosis did not prevent uric acid 
uptake, nor did carbon monoxide, azide 
and fluoride. Cyanide, dinitrophenol, and 
arsenate inhibited purine accumulation 
and the arsenate inhibition was prevented 
by the simultaneous presence of phos- 
phate. It was concluded that the trans- 
port system was dependent upon glycoly- 
sis and not respiration and that the forma- 
tion of energy-rich phosphate compounds 
was required for the accumulation of pur- 
ines. 

Extracts of yeast that had accumulated 
various purines were analyzed for purine 
content and enzyme activity and a typical 
pathway for the catabolism of purines was 
demonstrated in C, utilis. The purines act 
as inducers for the formation of enzymes 
for their metabolism and sequential in- 
duction of enzymes appears to be involved. 
Adenase, guanase, and uricase were de- 
tected in adapted yeast but no enzymes 
were found for the oxidation of xanthine 
or hypoxanthine, even though these com- 
pounds are oxidized in vivo. 


ACKNOWLEDGMENT 


The authors are grateful to Dr. William 
F. Danforth for many stimulating discus- 
sions during the course of this work. 


LITERATURE CITED 


Avron, M., and A, T Jagendorf 1959 Evi- 
dence concerning the mechanism of adenosine 
triphosphate formation by spinach chloro- 
plasts. J. Biol. Chem., 234: 967-972. 

Bergmann, F., and S. Dikstein 1956 Studies 
on uric acid and related compounds III. Ob- 
servations on the specificity of mammalian 
xanthine oxidases. Ibid., 223: 765—780. 

Blum, J. J., and E. Felauer 1959 Effect of di- 
nitrophenol on the interaction between myosin 
and nucleotides. Arch. Biochem. -Biophys., 81: 
285-299, 7 


Cowie, D. B., and E. T. Bolton 1957 The uj 
of metabolic pools of purine compounds f 
nucleic acid synthesis in yeast. Biochim. Bil 
phys. Acta, 25; 292-298. 

Di Carlo, F. J., A. S. Schultz and D. K. McManjy 
1951 The assimilation of nucleic acid deriv 
tives and related compounds by yeasts. J. Bic 
Chem., 189: 151-175. 

Hughes, D. E. 1951 A press for disrupting bal 
teria and other microorganisms. Brit. 
Exp. Pathol., 32: 97-109. | 

Ingram, M. 1955 An Introduction to the H 
ology of Yeasts. Pitman, N. Y., pp. 4446.| 

Kalckar, H. M. 1947 Differential spectrophi 
tometry of purine compounds by means of Sr} 
cific enzymes. I. Determination of hydro 
purine compounds, J. Biol. Chem., 167: 42% 
443. | 

Kerr, S. E., K. Seraidarian and G. B. Brow 
1951 On the utilization of purines and thd 
ribose derivatives by yeast. Ibid., 188: 20% 
216. 

Krebs, E. G., and E. R. Norris 1949 The 4 
petitive inhibition of xanthine oxidation | 
xanthopterin. Arch. Biochem., 24: 49-54. 

Lahou, J. 1958 Metabolism of guanine-8-4C | 
yeast. Biochim. Biophys. Acta, 27: 371-377 

Lowry, O. H., N. J. Rosebrough, A. L. Farr a 
R. J. Randall 1951 Protein measureme 
with the Folin phenol reagent. J. Biol. Chen 
193: 265-275. 

Meyerhof, O., and S. Fiala 1950 Pasteur «¢ 
fect in dead yeast. Biochim. Biophys. Ac 
6: 1-12. 

Philips, F. S., S. S. Sternberg, L. Hamilton aij! 
D. A. Clarke 1954 The toxic effects of 
mercaptopurine and related compounds. An 
N. Y. Acad. Sci., 60: 283-296. 

Questiaux, L. M. 1959 Purine metabolism 
Candida utilis. Thesis, Illinois Institute 
Technology, Chicago. | 

Roush, A. H. 1954 Yeast adenase. Arch. Bil 
chem. Biophys., 50: 510—512. 

Roush, A. H. 1958 Induced formation az 
properties of yeast adenase. Abstracts of p 
pers of the 133rd meeting of the Americ: 
Chemical Society, Washington, p. 9C. 

Roush, A. H., and A. J. Domnas 1956 Induce 
biosynthesis of uricase in yeast. Science, 12 
125-126. 

Roush, A. H., and E. R. Norris 1950 Deam 
nation of 8-azaguanine by guanase. Arch. Bil 
chem., 29: 124—129. 

Saeed, M. 1959 Metabolism of adenine 
Saccharomyces cerevisiae. Thesis, Illinois 
stitute of Technology, Chicago. 

Schultz, A. S., and L. Atkin 1947 The utili 
of bios response in yeast classification aut 
nomenclature. Arch. Biochem., 14: 369-38) 

Thunberg, T. 1920 Intermediary metabolish 
and the enzymes concerned therein. Skanil 
Arch, Physiol., 40: 1-91. 

Utter, M. F., D. B. Keech and P. M. Nossal 19% 
Oxidative phosphorylation by subcellular pai 
ticles from yeast. Biochem. J., 68: 431-440 

Warburg, O. 1949 Heavy Metal Prosthet! 
Groups and Enzyme Action. Clarendon Preg 
Oxford. — X 


he Response of Arbacia Plutei to 


dded Amino Acids' 


MARTIN ROEDER? 


Department of Biology, The Woman’s College of The University of 
North Carolina and The Duke Marine Laboratory, Beaufort, N. C. 


The growth of organisms in sea water 
m be related to the presence in that en- 
ronment of various chemical substances. 
3 the most part the growth of animals 
dependent on the presence of plants, 
ese in turn are limited by the availability 
-imorganic material. Harvey (757) has 
yinted out that formed organic material, 
cluding proteins and polypeptides, is 
“esent in sea water at a low level. Lev- 
ng (45) has shown that the growth of 
me plants is dependent on the presence 
‘certain of these organic compounds, 
ad Droop (755) has shown that the 
‘owth of some animals is dependent on 
rmed vitamin By». Little or no evidence 
ists as to the necessity of such sub- 
ances for the growth of higher forms of 
1imals. 

Hultin (52) and Hultin and Wessel 
2) have shown that the embryo of the 
‘a urchin Psammechinus miliaris, from 
rtilization to 24 hours, can take both 
irbon dioxide and simple amino acids 
om its environment, and have given 
me evidence that these substances are 
corporated into the formed cell protein, 
though in small amounts. Since it has 
eviously been shown that various em- 
-yos can respond to the presence in their 
hvironment of added chemicals by the 
oduction of enzymes capable of degrad- 
g the added materials (i.e., Gordon and 
oder, 53; Roeder, *57), the presence of 
mino acids in the environment and the 
htrance of these compounds into the pro- 
in metabolism of the cells should give 
se to induced enzyme formation. 

The present report deals with an at- 
mpt to subject plutei of Arbacia punc- 
lata to increased amounts of amino 
bids, and to measure any response in 
duced enzyme activity which might ap- 


pear. The test system chosen was that 
involving the amino acid oxidases, which 
catalyze the oxidation of amino acids to 
the corresponding alpha keto acids with 
the production of ammonia. 


METHODS 


Eggs and sperm of Arbacia punctulata 
were secured by injection into the test of 
5% potassium chloride, or by electrical 
stimulation of the test. Eggs were ferti- 
lized by mixing with sperm in sea water 
in glass finger bowls, and were allowed 
to develop in running sea water for 48 
hours. Swimming plutei were then de- 
canted, concentrated by low speed centri- 
fugation, washed in sea water, and sepa- 
rated into control and _ experimental 
groups. The experimental animals were 
placed in sea water to which varying 
amounts of amino acid had been added, 
control groups remained in pure sea wa- 
ter. The period of exposure to the added 
amino acids was 4 hours. 

At the close of this period the animals 
were removed from the solution and 
washed twice in sea water. Control and 
experimental animals were then placed 
in sea water which was 0.2 molar with re- 
spect to the amino acid being tested. 

After one hour the plutei were removed 
by centrifugation and the supernatant so- 
lution was tested for increased alkalinity 
by titration with hydrochloric acid to the 
grey end point of methyl red-brom cresol 
green mixed indicator. The plutei were 
subjected to the Kjeldahl determination of 
protein nitrogen, and the ammonia pro- 
duction of both groups was compared on 

1 Presented at the 1958 winter meeting of the — 
American Society of Zoologists. 


2National Science Foundation Summer Fellow 
during the tenure of this research. 
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TABLE 1 i} 
The effect of incubation with various amino acids on ammonia production } 


- | 
Ammonia produced Per cent 


Amino acid tested Concentration Ge Ba peciinee ial chance | 
micromoles/mg 
moles Kjeldahl nitrogen 

Glycine 0.5 0.378 0.349 —8 

Alanine 0.1 0.65 0.63 =) 

Leucine 0.15 0.370 0.335 —8 
Methionine 0.1 0.49 0.52 ; 4+3 

Cysteine 0.15 Aggregation of plutei 

Tyrosine 0.0066 0.751 1.01 +34 


the basis of micromoles of ammonia pro- 
duced per milligram of Kjeldahl nitrogen. 
The titration, of necessity, measured total 
base in the sea water sample, the differ- 
ence between control and experimental 
groups was therefore taken as being due 
to ammonia production only. 


RESULTS 


The results obtained by adding various 
amino acids to the sea water in which the 
animals were incubated are summarized 
in table 1. It may be seen that only 
tyrosine gave any large increase in oxidase 
activity, that cysteine could not be meas- 
ured, and that both glycine and leucine 
depressed the activity measured. 

It is perhaps somewhat surprising that 
methionine did not cause any aggregating 
of the plutei, in view of the result obtained 
with cysteine. Most astonishing is the 
failure of the alphatic amino acids, glyc- 
ine, alanine, and leucine to stimulate the 
system, in view of the high concentrations 
used during the exposure period, and the 
previous report of Hultin. 

Since tyrosine was the only aromatic 
amino acid tested, and was the only one 
which gave a highly positive response, 
some inferences may be drawn as to the 
nature of the events taking place. The 
wide differences between the normal con- 
Sstitutive levels of the activities of the oxi- 
dases for the several acids may appear to 
offer some difficulties, but the data of 
Blanchard et al. (44, ’45) and of Green- 
stein et al. (53) show that a wide range 
of levels of activity of these enzymes is 
normal in several other species which had 
been tested. 

The aggregation of plutei in the pres- 
ence of cysteine may have some meaning 


in terms of the nature of the ectoderm} 
these forms, it is possible that some oxid 
tion to cystine could occur at the pH of t 
sea water used (8.2-8.5). 


DISCUSSION 


On the basis of the data reported jj 
appears unlikely that formed amino ac} 
can enter into the oxidative metaboli# 
of the Arbacia pluteus. The positive res’ 
obtained with tyrosine is perhaps sufficie 
to leave the question open, but the co 
plete failure of such compounds as alanii 
and glycine to stimulate the system testi 
offers strong support in favor of this c 
clusion. 

Hultin’s data, which indicate that radi) 
active glycine is incorporated into Psa’ 
mechinus embryos, from 4 to 24 hou 
are at odds with this conclusion, and 
easy solution to this difficulty is imme} 
ately available. It is, of course, possil 
that a major species difference is involve 
but this seems unlikely. More probal 
is the assumption that the earlier embry 
are more permeable to amino acids th. 
are the larvae, but the absence of as 
rounding membrane and the presence o 
stomadeum in the larval form would se¢ 
to enhance the uptake of materials fre 
the environment. 

The difference observed in the case 
tyrosine as opposed to the aliphatic ami 
acids may be explained if the permeabilil 
of the cells of the sea urchin is similar 
that found in some plant cells. Birt a1 
Hird (’58a) have reported that lyophoti 
amino acids penetrate into carrot tiss 
at a much higher rate than do the ly 
philic amino acids. Some form of actii! 
transport seems to be involved in this cas 
making the situation in the carrot an} 
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sous to that found in human tissues (Birt 
id Hird, *58b). The present report may 
- this situation, and, if this is true, may 
dicate a further close similarity between 
ant and animal membranes. 

In view of the data here reported it 
ems probable that the uptake of mate- 
als reported by Hultin is far from a 
mple process, and that the enrichment 
F sea water with formed organic mate- 
als would not directly alter the produc- 
vity of those waters with respect to higher 


nimals. 
SUMMARY 


The response of the amino acid oxidase 
ystem of the sea urchin Arbacia has been 
sted, by the addition of amino acids to 
1e environment of the plutei and meas- 
rement of any induced activity. The data 
10w an almost complete failure of ali- 
hatic amino acids to stimulate systems 
ealing with deamination; tyrosine, how- 
ver, gave a marked increase. The data 
re discussed in the light of previous re- 
orts which differ in the results obtained, 
sme possible conclusions are drawn, al- 
ough no data are available to account 
r the discrepancy. 
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ipase Activity in the Fat Body of the 
esert Locust, Schistocerca Gregaria 


J. C. GEORGE AND J. EAPEN 


Laboratories of Animal Physiology and Histochemistry, Department of 
Zoology, M. S. University of Baroda, Baroda, India 


The adipose tissue of vertebrates, espe- 
ally mammals, has been the subject of 
<tensive studies in recent years. Evidence 
accumulating to show that this tissue in 
vertebrates is by no means metabolic- 
ly less active than the other well known 
stive tissues. Most of the recent literature 
1 this has been reviewed in our earlier 
pers (’58a, *58b, 59b). The fat bodies 
insects are often compared with the 
ver of vertebrates on account of their 
ried metabolic functions. Using histo- 
.emical methods Coupland (’57) demon- 
rated glycogen, fat, proteins and nucleo- 
oteins in the locust fat body. Certain 
her aspects of the metabolism of this 
sue in the locust was also investigated 
Kilby and Neville (757), Hearfield and 
lby (58) and Candy and Kilby (59). 
a recent study Fenwick (’58) distin- 
ished at least two distinct types of par- 
les, in the fat body of the locust, which 
obtained by differential centrifugation 
d according to him they resemble mam- 
ian liver mitochondria and microsomes 
spectively. Bellamy ('59) studied the 
ygen consumption and oxidation of a 
wv metabolites using particulate compo- 
nts of various tissues of the locust, the 
body being one of them. Employing a 
tochemical method we (’59a) detected 
presence of a lipase in the fat body of 
> desert locust. Here we report the re- 
Its of a quantitative study of lipase ac- 
‘ity in the fat body of the locust. 


MATERIAL AND METHODS 


Fat body was removed from the abdom- 
i region, after decapitation of the adult 
ect. The more readily dissected fat 
ly thus taken consists mainly, if not 
ely, of true fat cells, the oenocytes being 
mdant towards the periphery, adjacent 


to the body wall (Coupland, 57). The 
enzyme material was an aqueous extract 
of ether defatted fat body which was pre- 
pared in the following manner. Fat body 
was carefully removed free from most of 
the accompanying tracheae and tracheoles 
and defatted in two changes of ethyl ether 
at room temperature (30°C) for one hour. 
Subsequently it was dried in a vacuum de- 
siccator at room temperature. Almost all 
the fat was removed by this treatment. 
Fat bodies of about 20 locusts were pooled 
and portions of this used for the assay. 
Extracts of the material were made in cold 
(4°C) distilled water for one hour by 
grinding it in a test tube; centrifuged at 
about 2500 rpm for 5 min. and the super- 
natant used for the study. 

The method used for the assay was a 
manometric method adopted from Martin 
and Peers (753) using the Warburg ap- 
paratus, with a bicarbonate carbon dioxide 
buffer system of pH 7.4 at 37°C using 
tributyrin as substrate. The reaction flask 
contained 1.5 ml of 0.025 M bicarbonate 
solution, 1 ml enzyme solution in the main 
chamber and 0.5 ml 4% (v/v) tributyrin 
in 0.0148 M bicarbonate (emulsified by 
shaking with a small drop of Tween 80) 
in the side arm, thus making up a total 
volume of 3 ml. The manometers and 
flasks were gassed for three minutes with 
a mixture of 95% N: and 5% CO: from a 
cylinder. After equilibration for 10 min. 
the substrate was tipped in and the read- 
ings taken twice at intervals of 15 min. 
The manometers were shaken at about 100 
oscillations per minute allowing an am- 
plitude of 4-5 cm per oscillation. 

Lipase activity was calculated on the 
basis of the protein concentration of the 
enzyme solution used and is expressed as 
the number of ul CO. produced per mg 


293 © 


294 J. C. GEORGE 


protein per 30 min. The quantity of CO: 
evolved is equivalent to the amount of 
butyric acid liberated by enzymic action. 
Protein was estimated according to the 
micro-Kjeldahl steam distillation method 
for total proteins (Hawk et al., 54). 


RESULTS AND DISCUSSION 


Table 1 presents the lipase value of the 
fat body of the locust along with lipase 
values of locust flight muscles and pigeon 
adipose tissue. 

The lipase activity in the fat body of the 
locust is more than double the concentra- 
tion of the enzyme occurring in the adi- 
pose tissue of the pigeon (George and 
Eapen, 58a). The protein concentration 
in the enzyme solution was on the average 
1.8 mg per ml in locust and 4.7 mg per 
ml in pigeon. 

By histochemical techniques we (59a) 
demonstrated the presence of an appreci- 
able concentration of lipase as well as 
alkaline phosphatase in the fat body of 
the locust. The present quantitative study 
not only confirms our earlier report of the 
detection of this enzyme in the fat body of 
the desert locust but has also shown the 
presence of large quantities of the enzyme 
in this tissue. Lipase has been recently 
demonstrated in the flight muscles of locust 
(George et al., 58). The same authors 
(758) obtained a lipase value of 50 ul CO: 
per mg protein per 30 min. for the flight 
muscles of the dragon fly (Pentala flaves- 
cens) and suggested that the compara- 
tively lower lipase content in the locust 
flight muscles may be due to the fact that 
the locusts used were laboratory bred and 
kept in captivity throughout their lives. In 
our present study also, locusts which were 


TABLE 1 


The lipase activity in the fat body and flight 
muscles of the locust and the adipose 
tissue of the pigeon 


, . Lipase 
Animal Tissue eetivite 
ul CO2/mg 

protein/ 

80 min. 

Locust Fat body 31233 
— Flight muscles? 9.5 
Pigeon Adipose tissue? 123.2 


Se eee 
1 George et al.,’58. 
2 George and Eapen, 58a. 
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reared and maintained in the laborator 
were used. i 

The lipase present in the muscle shoul) 
split the triglycerides into their componei 
fatty acids and glycerol which can | 
further oxidized for energy purposes. Bu 
the fat occurring in the muscle itself ma| 
not be adequate for replenishing the quay 
tities of fat being used up during sustaing| 
muscular exercise. Then fat has to | 
made available to the muscle from e} 
traneous sources like the fat body. TH 
fat body therefore could provide the ‘| 
required by the muscle, since it contai 
large quantities of fat. The high conce} 
tration of lipase is useful for the synthes' 
of the large quantities of fat present j 
the fat body and also for the breakdow 
and mobilization of the fat for energy pul 
poses. This is significant due to the fa} 
that the desert locust has been shown | 
utilize chiefly fat — about two-thirds | 
the total energy — for muscular ener: 
during sustained flight (Weis-Fogh, 5 
The fat body could thus synthesize, sto 
and supply the fat needed to meet ti 
various demands for energy, particular 
for sustained muscular activity such 
during migratory flights. 


SUMMARY 


1. The lipase activity in the fat body 
the desert locust was estimated by mar 
metric method using the Warburg appa 
tus. 
2. The enzyme concentration is appre 
ably high being 312.3 ul CO. per mg p 
tein per 30 min. This is more than doul 
the amount of the same enzyme prese} 
in the pigeon adipose tissue and may 
times more than what occurs in the flig 
muscles of the locust. 
3. The large concentrations of lipai 
present appear to be useful for the syj 
thesis and breakdown of the fat store | 
this tissue. The fat body, it is suggeste 
could be a source of fat supply as ener; 
fuel to the muscle, especially for sustai 
activity as during migratory flights. 


ACKNOWLEDGMENT 


Our thanks are due to Dr. K. B. L 
plant protection advisor to the Governmd 
of India for arranging the supply of t 
locusts used in the present study. 


Bi ne mw » 


LIPASE IN THE LOCUST FAT BODY 


LITERATURE CITED 


Bellamy, D. 1958 The structure and properties 
of tissue preparations from Schistocerca 
gregaria (Desert locust). Biochem. J., 70: 580— 
589. 

Candy, D. J., and B. A. Kilby 1959 Site and 
mode of trehalose biosynthesis in the locust. 
Nature, 183: 1594. 

Coupland, R. E. 1957 Observations on the nor- 

' mal histology and histochemistry of the fat 

_ body of the locust (Schistocerca gregaria). J. 

_ Exp. Biol., 34: 290-296. 

Fenwick, M. L. 1958 Intracellular particles of 

locust fat body. Nature, 182: 607. 
orge, J. C., and J. Eapen 1958a Certain 

histochemical and physiological observations 

on the adipose tissue of pigeon. J. Anim. 

Morph. Physiol., 5: 49-56. 

1958b Histochemical demonstration of 

certain enzymes in the adipose tissue of fowl 

(Gallus domesticus) and rosy pastor (Pastor 

roseus). Ibid., 5: 101-105. 

1959a Histochemical demonstration of 

lipase and alkaline phosphatase activity in the 


295 


fat body of the desert locust. 


Nature, 183: 
268. 


1959b An histological and histochem- 
ical study on the brown and yellow adipose 
tissue of the bat, Hipposideros speoris. Quart. 
J. Micr. Sci., 100: 369-375. 

George, J. C., N. V. Vallyathan and K. S., 
Scaria 1958 Lipase activity in the flight 
muscles of insects. Experientia, 14: 250. 

Hawk, P. B., B. L. Oser and W. H. Summerson 
1954 Practical Physiological Chemistry. New 
York: McGraw-Hill Book Co., Inc. 

Hearfield, D.A.H., and B. A. Kilby 1958 
Enzymes of the T.C.A. cycle and cytochrome 
oxidase in the fat body of the desert locust. 
Nature, 181: 546. 

Kilby, B. A., and E. Neville 1957 Amino acid 
metabolism in locust tissues. J. Exp. Biol., 
34; 276-289. 

Martin, H. F., and F. G. Peers 
Biochem. J., 55: 523-529. 

Weis-Fogh, T. 1952 Fat combustion and metab- 
lic rate of flying locusts (Schistocerca gre- 
garia Forskal). Phil. Trans. Roy. Soc. Ser. B., 
237: 1-36. 


1953 Oat lipase. 


Permeability Studies on the Amoebae of the 
Slime Mold, Dictyostelium mucoroides 


R. G. FAUST anp M. F. FILOSA! 
Biology Department, Pinceton University, Princeton, New Jersey 


Relatively few cell types possess char- 
acteristics which make them adaptable for 
the study of permeability. Mammalian 
red blood cells and echinoderm eggs are 
the most popuar cell types used in perme- 
lability experiments. However, Shapiro 
‘and Parpart (’37) demonstrated, by means 
‘of a photoelectric densimeter, that volume 
‘changes in human and rabbit leucocytes, 
produced by changes in the osmotic pres- 
sure of the medium, could be sufficiently 
reliable to determine the permeability of 
these cells. Since these exepriments were 
successful, it occurred to us that an in- 
vestigation of the permeation of non-elec- 
trolytes into the amoebae of Dictyostelium 
jmucoroides might reveal some interesting 
information concerning the permeability 
and nutritional requirements of these cells. 

Amoebae were obtained by spreading 
pores from approximately 10 sori of D. 
mucoroides on sterile petri dishes con- 
taining Bonner’s nutrient agar medium 
(Bonner, 47). After spreading the spores, 
japproximately 3 ml of a dense E. coli sus- 
pension was added to each of the plates. 
The plates were then incubated at 22°C 
for 40 hours. This was sufficient time for 
ithe spores to germinate and for the emerg- 
g amoebae to feed upon the E. coli and 
thereby multiply. Incidentally, this stage 
| the life cycle is about 5 hours prior 
to the aggregation stage which we wanted 
to avoid (see Bonner, ’59 for a description 
of the life cycles of the cellular slime 
molds). 
| Pieces of agar were removed from the 
amoebae-E. coli suspension by filtering the 
uspension through cotton. The amoebae 
vere then separated from the bacteria by 
light centrifugation (2,000 x g). This 
was possible because the bacteria are less 
dense than the amoebae and remain in the 
pernatant fluid after brief, light centrifu- 


gation. The supernatant containing bac- 
teria was replaced by distilled water and 
the amoebae resuspended. This procedure 
was repeated until the supernatant was 
free of bacteria (usually 3-5 washings). 
Finally, a dense suspension of amoebae in 
distilled water was made from which ali- 
quots were taken and tested in the photo- 
electric densimeter. 

The photoelectric method used to study 
permeability in this investigation depends 
upon volume changes of the cells, which 
are produced by the addition of various 
substances to be tested, to the amoebae 
suspension (see Mawe, ’56 for a detailed 
description of this method using human 
red cells). The amoebae become sphe- 
roidal in shape while in distilled water. 
This is important because the intensity 
of light emerging from the cell suspension 
in the densimeter is directly related to 
the amount of light scattered and to the 
amount of light absorbed by the cells. 
Light scattering would vary if the cells did 
not remain spheroidal in shape. 

The increase in osmotic pressure pro- 
duced by a 0.15 M concentration of either 
ethylene glycol, glycerol, glucose, sucrose, 
L-arginine, glycine, or L-cysteine: HCl 
caused the amoebae to shrink. This re- 
duction in volume allowed more light to 
pass through the cell suspension. If any 
of these substances penetrated, then water 
moved back into the cells and the amoebae 
returned to their original volume. At no 
time did we observe permeation against 
a concentration gradient and a diffusion 
equilibrium was always reached by a pen- 
etrant. 

Ethylene glycol and glycerol penetrated 
very rapidly, in fact too rapidly to be 
recorded by our method. Glucose, L-argi- 
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nine and sucrose apparently did not pene- 
trate into the amoebae. The penetration 
to half-time diffusion equilibrium for L- 
cysteine-HCl was 3.75 minutes and for 
glycine, approximately 10 minutes. 

A determination of the viability of the 
cells after they had been tested was per- 
formed by washing the amoebae once in 
distilled water, spreading them on plain 
2% agar, and then incubating the plates 
at 22°C. The cells tested in the photo- 
electric densimeter were able to complete 
their life cycle and fruit, indicating that 
they were not injured in the process of 
being tested. 

In summary, it has been shown that 
the amoebae of D. mucoroides possess a 
selectively-permeable membrane. This 
membrane is permeable to water, ethylene 
glycol, glycerol, glycine and L-cysteine: 
HCl, but relatively impermeable to L-argi- 


nine, glucose and sucrose. The plasma} 
membrane of these amoebae are more} 
permeable than that of echinoderm eggs} 
but less so than that of the human red 
blood cell. 
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